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Overview 
 
Theoretical Framework 
 
Humans are explorers. While awake, we continuously explore our environment using all our 
senses. Whether it is a crucial task like looking for food, or unimportant like watching TV, we 
use our senses to understand where we are and where we are going. The dominant sense is 
vision. The visual system processes the light captured by the eyes and transforms this light into 
visual images. Because the eyes have the best acuity in the central part of the fovea, we move 
our eyes to point this central part to the region of interest. Accurate eye movements (or 
‘saccades’) are therefore crucial for successful exploring. Because of this importance, eye 
movements have been heavily investigated. One of the phenomena observed in eye 
movement recordings is that the trajectories of saccades are rarely fully straight, but are 
slightly curved. So, where you might expect that an eye movement takes the fastest route 
from start to end, its trajectory does not travel in a straight line. Although this might appear 
somewhat trivial at first sight, recent research has revealed that modifications of these 
trajectories reflect the dynamics of the oculomotor system. This means that trajectory 
deviations provide information about eye movement programming and the various factors 
that influence the programming. This is important, because there are still a lot of questions 
about the oculomotor system that remain unanswered. The present research has tried to 
answer some of these questions by using eye movement trajectories as a tool to study the 
dynamics of the visual system. 
A review of the literature on saccade trajectory deviations is presented in Chapter One. 
This chapter discusses the factors that are known to influence saccade trajectories. These 
factors are divided into two different types: bottom-up and top-down. ‘Bottom-up’ factors 
reflect the influence from the outside world, every image that falls on our retina. For instance, 
when something appears in the visual field, our visual attention is automatically captured by 
this element triggering an eye movement to this location. Although a large part of our eye 
movements is stimulus driven, we do not exclusively make eye movements on the basis of 
bottom-up factors. If true, this would imply that we have no control over our eye movements. 
The cognitive control that we have over eye movements is called ‘top-town’. These top-down 
factors reflect all intentions and goals that one might have at a certain moment. If you ask 
someone to make an eye movement to a door, that person is probably able to perform this 
action. The goal is in that case completed by the execution of an eye movement to the door. 
 Because only one eye movement can be executed at a time, there is a continuous 
competition between these two factors in the oculomotor system. For instance, what happens 
if you want to make a top-down eye movement to a door while a salient event occurs in the 
other side of the room, like a falling glass? The continuous competition between those two 
factors is resolved once a new eye movement is executed. Eye movement trajectories reveal 
crucial information about this process, because they reflect the competition between both 
factors. 
Eye movement trajectories can deviate either towards or away from elements in the visual 
field. One of the questions that are answered in Chapter One is why trajectories sometimes 
deviate towards and sometimes away from an element. A review of the conditions in which 
these deviations were found suggests that deviations towards an element are caused by the 
unresolved competition in the oculomotor system between elements in a visual scene. 
Sometimes the competition between two bottom-up elements is not completely resolved at 
the moment of eye movement initiation. For instance, when a distracting irrelevant element 
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and a goal element are closely aligned, the eye movement to the goal element will be an 
‘average’ of the eye movements to both elements, resulting in an eye movement that deviates 
towards the distracting element. On the other hand, deviations away from an element are 
mainly observed in situations in which top-down preparation can influence the target 
selection process. Deviations away are generally explained by top-down processes that ‘inhibit’ 
the location the trajectory deviates away from. This inhibition of the distractor location results 
in an eye movement that is initially directed away from the inhibited location. Because 
deviations away reflect top-down processes, this phenomenon is generally observed when 
top-down processes can influence the target selection process. For instance, if the location of 
the upcoming target is known, top-down processes can already start preparing the eye 
movement to the target location. Therefore, when the target location is known in advance 
and an irrelevant distractor is presented simultaneously with the target, the distractor will be 
strongly inhibited as reflected by the deviation of the saccade trajectory away from the 
distracting element. 
 
Distractor Influence 
 
Because eye movement trajectories reflect the competition between bottom-up and top-down 
processes, the exact influence of a distractor on the saccade trajectory is dependent on various 
factors. One of these factors is the exact spatial location of the distractor. Chapter Two 
discusses a study in which the distractor location was varied with respect to the target and 
central fixation. Results showed that if the distractor was presented close to central fixation, 
eye movement trajectories deviated away from the distractor, but when the distractor was 
presented close to the target location, eye movement trajectories deviated towards the 
distractor. This study shows that the exact spatial location of a distractor can have a 
modulatory influence on saccade trajectories. These findings are explained in terms of the 
influence of inhibitory mechanisms on the oculomotor system. When the distractor is 
presented close to fixation, this distractor is inhibited resulting in a deviation away from the 
distractor. However when the distractor is presented close to the target location, activities of 
the target and distractor locations overlap, resulting in a peak of activity that lies in between 
the target and distractor locations. The resulting eye movement is an average of the eye 
movements to both the target and the distractor location. This phenomenon only occurs 
when target and distractor are closely aligned. On the basis of these findings, it can be 
concluded that distractor positions are not coarsely coded in the oculomotor system, because 
different distractor locations influence the eye movement in different ways. This should 
especially hold for the superior colliculus (SC), a mid-brain area known to be involved in 
oculomotor selection. The competition between top-down and bottom-up factors is resolved 
in the SC and saccade deviations are known to reflect this competition in the SC. For instance, 
deviation towards a location is accompanied by increased pre-saccadic activity in the SC at the 
location the trajectory deviates towards. Also, micro-stimulation of the SC below the threshold 
for saccade generation results in eye movements that deviate towards the stimulated location. 
Because deviations away from a distractor reflect the inhibition of this distracting element, 
these trajectories can be used to investigate inhibitory mechanisms in the oculomotor system. 
By systematically manipulating the location of a distractor we tested whether distractor 
inhibition is sensitive for the exact distractor location (Chapter Three). Whereas Chapter Two 
shows that the location of the distractor influences whether inhibition is present or absent, it 
does not answer the question whether the amount of inhibition is dependent on the 
distractor location when inhibition is present. Therefore distractors were presented far enough 
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from the target location to exclude averaging eye movement due to overlapping target and 
distractor activities. Results showed that the location of a distractor has a modulatory effect 
on the deviations away from the distractor, suggesting that the amount of inhibition depends 
on the location of the distractor. More specifically, the vertical distance of the distractor from 
fixation seemed to be a determining factor in that distractors presented with a smaller vertical 
distance to fixation evoked larger amounts of inhibition. It can be concluded that these 
distractors introduce more competition making inhibitory components more potent to resolve 
this competition. This results in a deviation away that is larger than for locations that have a 
larger vertical distance from fixation. 
 
Eye Movements and Attention 
 
When we want to inspect a certain region of the visual field, we can shift our attention to this 
location. This is mostly done by moving our eyes to the attended location. There is much 
evidence for the idea that eye movements and attention are highly related and subserved by 
the same brain mechanisms. Moreover, ‘the premotor theory of attention’ claims that shifting 
visual attention to a location is nothing more or less than preparing an eye movement to that 
location. Eye movement trajectories can be used as a tool to test these ideas. Chapter Four 
discusses an experiment in which two locations were cued as possible saccade target locations 
by central arrows. An eye movement had to be made to only one of these two locations. The 
actual saccade goal was revealed after a time period by the disappearance of one of these 
two arrows. During this time period, letters were briefly presented at the saccade goals and at 
no-saccade goals. These letters had to be identified at the end of the trial. Results showed 
that letter identification was better for letters presented at any of the possible saccade 
locations than for letters presented at the no-saccade locations. The improved letter 
identification at the saccade goals was linked to the programming of saccades to both 
possible saccade goals. During the time period in which both arrows were presented, 
participants were preparing eye movements to the possible saccade goals. Because of this 
programming, attention was shifted to both locations, improving letter identification. 
Evidence for this hypothesis was provided by the trajectory of the eye movements to the 
designated saccade location. These trajectories deviated away from the non-saccaded target 
location, suggesting inhibition of the eye movement to the location to which the eyes should 
not go. This implied that eye movements were indeed programmed during the time period 
before the correct target location was revealed. Because letter identification was better at 
both possible saccade goals, these results indicate that the premotor theory also holds for 
conditions in which attention is allocated to multiple locations. 
As indicated in Chapter One, the observed deviation away is related to the top-down 
inhibition of the irrelevant eye movement program. Because central arrows (‘cues’) indicated 
the possible target locations, top-down preparation was involved in the target selection 
process. This involvement resulted in effective inhibition of the irrelevant saccade goal as 
reflected in trajectories that deviate away from the irrelevant goal. This hypothesis is further 
tested in Chapter Five, which was motivated by evidence from the hand movement literature 
that indicated that, in conditions in which top-down preparation is involved, hand movements 
to a location in space are initiated towards a cued location instead of away. This is an 
interesting finding, because there is evidence that hand and eye movement trajectories are 
subject to the same mechanisms. A replication of this hand movement finding with eye 
movements would therefore be inconsistent with the top-down hypothesis of deviations away 
in eye movements. In the discussed experiment, participants had to make an eye movement to 
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a peripheral target. Before the upcoming target, a central arrow cue indicated the likely target 
location. Results showed that when the target was presented at a location different from that 
indicated by the cue, eye movements to the target deviated away from the cued location. 
These results are therefore in line with a determining role of top-down preparation on the 
involvement of inhibition. Because they are inconsistent with evidence from the hand 
movement literature, it can be concluded that the inhibitory effects on eye movements and 
hand movements may not be observed in corresponding conditions. 
Whereas the previous two chapters showed that eye movements and spatial attention are 
highly related, it can be questioned how strong this relation actually is. For instance, is the 
oculomotor system activated wherever attention is allocated? In Chapter Six, four 
experiments are discussed in which participants were cued by a central arrow to attend to a 
peripheral location in visual space without making eye movements (a Posner cueing 
paradigm). Because of the shift of attention, participants responded faster to letters presented 
at cued locations than at uncued locations. On some trials, instead of a manual response to 
the letters, participants had to move their eyes to a different location in space. In line with the 
premotor theory and the results of the previous two chapters, results showed that these eye 
movements deviated away from the validly cued location. Shifting attention to the cued 
location resulted in activation of the oculomotor system. However, when the cue was invalid 
and attention had to be allocated to the uncued location instead of the cued location, eye 
movements also deviated away but now from the uncued location. These results imply that 
the oculomotor system is not only involved during the direction of attention to the cued 
location, but also to the uncued location, suggesting a strong link between attention and eye 
movements. Wherever attention is allocated, the eye movement system seems to be activated 
as revealed by eye movement trajectories. Interestingly, the strength of saccade deviation 
seemed to be a measure for the amount of attention allocated to any particular location, 
because the condition in which participants responded the fastest on the letter identification 
task also showed the largest amount of deviation. 
 
Distractor Cueing 
 
In the eye movement literature, oculomotor inhibition plays an important role. Many models 
of saccade generation assume that eye movements are cancelled by inhibiting the irrelevant 
saccade program. As shown in the previous chapters, this inhibition is revealed by saccade 
trajectories. However, not much is known about the mechanisms underlying oculomotor 
inhibition. For instance, what happens if it is known in advance where a distracting item will 
appear? Whereas there is huge literature on target cueing, there is little known about 
distractor cueing. How do people prepare for an upcoming distractor? In Chapter Seven, 
two experiments are discussed in which the distractor location was known in advance. 
Because saccade trajectories deviate away from irrelevant distractors, the question arises what 
happens when participants expect a distractor at a given location, but it does not appear. 
Results showed that the mere expectation that a distractor will appear at a specific location is 
enough to generate saccade deviations away from this location. When the distractor was 
expected, but not presented, saccade trajectories deviated away from the location where the 
distractor was expected. This means that in response to the distractor cue, the possible 
distractor location is top-down inhibited to diminish the influence of the distractor. When the 
distractor was not only expected, but also presented, the saccade deviations were even 
stronger. Because the extent to which trajectories deviate away from a location is considered 
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to be an index of the strength of inhibition, this suggests that the inhibition is larger when the 
distractor actually appears. 
To further investigate what exactly happens when participants prepare for an upcoming 
distractor, a study was executed measuring event-related potentials. This technique records 
the electrical activity of the human brain by placing electrodes on the surface of the scalp. 
Some of this activity is time-locked to psychological events and can reveal important 
information about the timing and occurrence of these events. The goal of the study was to 
investigate the neurophysiological correlates of the mechanisms involved in oculomotor 
competition (Chapter Eight). Participants performed a task in which both target and 
distractor locations were cued on a trial-by-trial basis. They were instructed to make an eye 
movement to the cued target location and to ignore elements at the distractor location. This 
way the neurophysiological responses to both the target and distractor cue could be 
investigated before the saccade goal was presented. With respect to the target cue, an early 
directing attention negativity (EDAN) and an anterior directing attention negativity (ADAN) 
were observed. These effects were similar to those observed in studies investigating 
attentional allocation, again suggesting a close link between attention and eye movements. 
These components were followed by a late widespread contralateral negativity (LDAN) that 
was assumed to reflect both the oculomotor programming of the upcoming eye movement as 
well as attentional orienting. In response to the distractor cue, a new component was 
observed related to top-down inhibition of the distractor location, namely an early positivity 
above the right hemisphere (RLIP). This component might reflect the inhibitory mechanisms 
responsible for the trajectory deviation observed in Chapter Seven and could be the 
neurophysiological correlate of preparing for an upcoming distractor. 
 
Patient Studies 
 
Because saccade trajectories can be used to investigate the dynamics of the oculomotor 
system, they can also be used as a tool to study neurological problems in this domain. 
However, very little studies have actually used this measure to understand neurological 
problems. This is somewhat unfortunate, because these trajectories can reveal important 
information regarding psychological processes like distractor influences, attentional shifts and 
oculomotor processes that is not easily obtained via other measures. One of the neurological 
problems to which saccade trajectories can be applied is visual hemifield defects. Patients with 
hemifield defects have partial blindness in their visual field due to brain damage. These lesions 
interrupt processing by the dominant visual pathway, which results in inability to see visual 
information in the contralateral visual field. However, there is evidence that some visual 
information in these blind regions may still be processed (‘blindsight’). Although the exact 
mechanism is still unknown, one of the possible neurophysiological correlates of this 
blindsight is the (still intact) retinotectal pathway from the retina to the superior colliculus. 
Because saccade deviations are known to be due to competition in the superior colliculus, 
residual retinotectal processing may still be detected as modifications of saccade trajectories to 
seen targets by irrelevant distractors in the blind hemifield. Chapter Nine describes two 
experiments in which this hypothesis is tested. In the first experiment, five patients with 
lesions of the optic radiations or striate cortex were presented with distractors in the blind and 
intact portions of their visual field. Participants were instructed to make eye movements to 
targets in the intact field. It was investigated whether distractors in the blind part of the visual 
field caused deviation in the saccade trajectories. The results were mixed, with two of the five 
patients showing significant deviations of saccadic trajectories away from the ‘blind’ 
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distractor. In a second experiment, two of the five patients were tested in an experiment in 
which the target and distractor were more closely aligned. Both patients showed a ‘global 
effect’, in that saccades deviated towards the distractor. However, the effect was stronger in 
the patient who also showed significant trajectory deviation in the first experiment. This study 
confirms that distractor effects on saccadic trajectory can occur in patients with damage to 
the dominant visual pathway but preserved retinotectal projections. However, why these 
effects manifest themselves in a given patient remains unclear and requires further research. 
Another interesting neurological disorder which can be investigated using saccade 
trajectories is Attention-Deficit/Hyperactivity Disorder (ADHD). ADHD is one of the most 
common psychiatric conditions of childhood, characterized by symptoms of inattention, 
hyperactivity, and impulsivity. It is generally thought that deficits in response inhibition form 
an important area of dysfunction in patients with ADHD. However, recent research using 
visual search paradigms seems to suggest that these inhibitory deficits do not extend towards 
inhibiting irrelevant distractors. Because eye movement trajectories can reveal important 
information regarding response inhibition, Chapter Ten discusses a study in which response 
inhibition in ADHD is further investigated in the oculomotor domain. This was done using an 
oculomotor capture task in which an eye movement has to be made to a peripheral target. In 
some trials, a task irrelevant distractor is presented with abrupt onset somewhere in the visual 
field. It is known that in these trials, participants frequently make a reflexive eye movement to 
the onset distractor, reflecting a lack of oculomotor inhibition. Using this task, it could 
therefore be investigated whether boys with ADHD and their non-affected brothers are 
impaired in suppressing these reflexive eye movements. Results showed that although boys 
with ADHD had slower responses than controls, they were as accurate in their eye movements 
as controls. Interestingly, non-affected siblings showed similar problems in the speed of 
responding as their affected brothers, which might suggest that this deficit is related to a 
genetic predisposition for the disorder. Importantly, all three groups were equally distracted by 
the irrelevant distractor in that they made a similar amount of reflexive eye movements to the 
distractor. The finding that children with ADHD do not have problems inhibiting irrelevant 
distractors therefore contradicts a general response inhibition deficiency in ADHD. It might be 
that this account only holds for response inhibition of task-relevant elements, as the distractor 
in the oculomotor capture task was irrelevant to the task. One of the differences between the 
two types of inhibition is the differential involvement of working memory. Response inhibition 
of task-relevant items is dependent on working memory, whereas inhibition of task-irrelevant 
items does not seem to influence working memory. As working memory is known to be 
impaired in children with ADHD, this could explain why problems in response inhibition are 
not observed when task-irrelevant elements need to be suppressed. 
 
Conclusion 
 
So, what do saccade trajectories tell us? A lot! As can be concluded from the previous 
sections, the trajectory of an eye movement can reveal important information about a variety 
of factors. It can be seen as a tool to investigate not only the eye movement system itself, but 
also the psychological processes that are related to the oculomotor system, like working 
memory, attention and inhibition. This measure has already proven its value in clinical studies, 
in which it can be used to understand neurological problems. However, there remain a lot of 
questions about these trajectories, which hopefully will be answered in the near future.  
 
         
  
Chapter One 
Eye Movement Trajectories 
and What They Tell Us 
 
 
 
 
 
Abstract 
 
In the last two decades, research has shown that eye movement trajectories can be modified 
by situational determinants. These modifications can inform us about the mechanisms that 
control eye movements and they can yield information about the oculomotor, memory and 
attention system that is not easily obtained via other sources. Eye movement trajectories can 
deviate either towards or away from elements in the visual field. We review the conditions in 
which these deviations are found and the mechanisms underlying trajectory deviations. It is 
argued that deviations towards an element are caused by the unresolved competition in the 
oculomotor system between elements in a visual scene. Deviations away from an element are 
mainly observed in situations in which top-down preparation can influence the target selection 
process, but the exact cause of such deviations remains unclear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., Meeter, M., & Theeuwes, J. (2006). Eye movement trajectories and what 
they tell us. Neuroscience & Biobehavioral Reviews, 30(5), 666-679. 
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1. Introduction 
 
In everyday life, we are continuously faced with complex visual scenes that might contain 
important information. Because visual acuity is best only in a small part of our retina, the 
fovea, we typically make rapid eye movements called saccades to examine different locations 
in our environment. It is commonly assumed that saccades are ballistic movements: once 
launched, their trajectories are fixed as that of a bullet. However, eye movement research has 
suggested that this is not the case (Becker, 1989; Robinson, 1975). A saccade can initially be 
executed to one location but mid-flight turn around and land on a second location (Amador 
et al., 1998; Van Gisbergen et al., 1987). This finding has been taken as evidence that 
saccades are not pre-programmed movements, but are dynamic in nature.  
Also in a second way saccades are not comparable to bullets going straight to their target. 
Instead, eye movements can better be compared to the flight of an airplane. The trajectory of 
an airplane from the start location to its destination is rarely if ever straight, but deviates from 
a straight line under influence of a multitude of factors like airstreams, fixed air traffic 
corridors and the other airplane traffic. When looking at the trajectory of saccadic eye 
movements, one will also observe that the eyes are almost never moved in a straight line.  
One of the first to report this finding was Yarbus (1967), who wrote that 'saccades 
performed at an angle … are most frequently recorded as curved lines' (pp. 140). After this 
observation, many others researchers investigated this phenomenon and its origins (i.e. 
Erkelens & Sloot, 1995; Minken et al., 1993; Viviani et al., 1977). They found that there is 
substantial between-subjects variability, but the within-subject variability in the curvature in 
the trajectory of a simple eye movement is limited (Bahill & Stark, 1975). This led Smit and 
Van Gisbergen (1990) to describe dynamic properties of saccade curvature as a 'signature' 
(pp. 341): when saccading to the same location, idiosyncratic eye movement trajectories can 
be observed for each participant (Figure 1.1). Although the exact cause of this phenomenon 
is not yet known, it has been suggested that saccade curvature is determined by mechanisms 
located in the final pathway of the eye movement production system (Smit & Van Gisbergen, 
1990). 
In addition to individual variation in trajectories, recent studies have revealed that 
environmental determinants can modify the idiosyncratic saccade trajectories. For instance, 
recent studies reported effects of the allocation of attention and the presence of an irrelevant 
distractor on saccade trajectories (i.e. Doyle & Walker, 2001; Sheliga et al., 1994; Van der 
Stigchel & Theeuwes, 2006; Walker et al., 2006). The current paper reviews these studies. 
We will claim that modifications observed in saccade trajectories are a measure of visual 
processing, and that they can inform us about the underlying mechanisms that control 
saccadic eye movements. 
Two terms have been used to denote the environmental modifications of the baseline eye 
movement trajectory, namely ‘curvature’ and ‘deviation’. Although this description does not 
fit for all studies, ‘curvature’ is generally used to describe differences in trajectories from 
saccadic fixation to the saccade endpoint (i.e., whether the saccade was a straight line or a 
curved one), whereas ‘deviation’ measures mainly compare the saccade trajectory with a 
straight line from saccadic fixation to the designated target position. This last measure 
includes possible changes in saccade endpoints relative to the target location (see Appendix 
for an overview of the different trajectory measures). In this review, we consistently will use 
the term ‘deviation’, because our overview concerns the influence of environmental factors 
on the total change of the trajectory of the saccade, including the saccade endpoint. 
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Figure 1.1: Eye movement trajectories of two participants to a single target obtained in one of our 
experiments (Van der Stigchel & Theeuwes, 2006). Saccade trajectories of the individual participants 
are quite idiosyncratic. 
 
The studies we will review typically use a paradigm in which a central fixation cross is 
presented at the start of the trial. Participants are required to saccade to the location of a 
target that appears abruptly in the visual display (‘an abrupt onset’). The trajectory of this eye 
movement is the measure central to this review. Other important measures are saccade 
latencies (the time between target presentation and saccade initiation) and the correctness of 
the saccade. The experimental variations used to manipulate trajectories include the addition 
of distracting elements in the visual fields (‘distractors’) and manipulations of attentional 
allocation, expectancy, memory and inhibition of return. In these experiments participants are 
typically either humans or rhesus monkeys. 
Saccade deviations can be divided into deviations towards or away from locations in the 
visual scene other than the target location. First we will discuss conditions in which there is a 
deviation of the eye movement towards an element in the visual scene that is not the target. 
How these saccades come about is relatively well understood, and we will review both 
theoretical accounts of deviation towards and physiological evidence. In a later section, we 
review deviations away from non-target locations. It is much less clear how and why saccades 
deviate away from locations. We will review existing theories and discuss physiological 
evidence in line with each theory.  
 
2. Deviation towards 
 
In three situations deviation towards are observed: (1) in double step paradigms, (2) 
paradigms investigating the global effect and (3) in visual search paradigms. We discuss each 
in turn. 
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2.1 The double step paradigm 
Among the first paradigms to reveal an influence of the environment on idiosyncratic eye 
movement was the double step paradigm (Becker & Jürgens, 1979; Findlay & Harris, 1984; 
Levy-Schoen, 1969; McPeek et al., 2000; Van Gisbergen et al., 1987; Westheimer, 1954; 
Wheeless et al., 1966). In this experimental set-up, observers are instructed to make an eye 
movement from the central fixation point to a target element in the visual field. After a 
variable delay the initial target disappears and a new target appears at a different location. 
When the time difference between the first and the second target is large, people correctly 
saccade to the second target. However, if the delay between the onset of the first and the 
second target is relatively short (i.e. 50 msec, Van Gisbergen et al., 1987) and the distance 
between the two targets is large (i.e. 40 degrees, Van Gisbergen et al., 1987), the eye 
movement trajectory is influenced. Specifically, initially the saccade is executed to the first 
target location but changes its direction mid-flight and lands in the direction of the second 
target location (so called ‘turn-around saccades’) (see also, McPeek et al., 2000). 
 
2.2 The global effect 
The ‘global effect’ occurs when a target and an irrelevant distractor element are placed close 
to each other, typically within 20° or 30° of angular distance (Coren & Hoenig, 1972; Van der 
Stigchel & Theeuwes, 2005b; Walker et al., 1997). In this situation, eye movements to the 
target generally land on an intermediate location between target and distractor. Behavioral 
findings show that the eyes typically land closer to the location where a target is most likely 
to appear (He & Kowler, 1989), and closer to the onset with the greatest luminance (Deubel 
et al., 1984) or largest size (Findlay, 1982). These findings support a ‘center of gravity’ 
account, which states that the saccade endpoint is based on the relative saliency of the 
elements in the saccade map (Coren & Hoenig, 1972). Furthermore, the global effect occurs 
more frequently in saccades with a short latency (Ottes et al., 1985). 
 
2.3 Visual search 
In visual search experiments, participants have to search for a target presented among 
multiple distractors. Although in most visual search paradigms the influence of individual 
distractors is intractable, in several studies one distractor had a special position that made it 
possible to investigate the effect of this distractor on saccade trajectories. The distractor may, 
for example, be the only one not placed on one line with the target (McPeek et al., 2000) or 
may be the only salient one among non-salient distractors (Godijn & Theeuwes, 2002b). Even 
if such a distractor is positioned far enough from the target to not elicit a global effect, 
deviations towards the distractor are observed for saccade trajectories to the target. This 
effect has been shown in both humans (Godijn & Theeuwes, 2002b; McPeek et al., 2000; 
Walker et al., 2006) and monkeys (McPeek et al., 2003; McPeek & Keller, 2001; Port & 
Wurtz, 2003). For example, human observers had to make a saccade to an odd-colored 
target presented along homogenously colored multiple distractors (so called ‘color-oddity 
search task’, McPeek et al., 2000). Target and distractor colors were switched from trial to 
trial, so on some trials a green target was presented along red distractors, while on other 
trials a red target was presented along green distractors. When a color switch occurred, 
observers were more likely to make erroneous saccades to a distractor and deviations 
towards a distractor were observed for correct saccades. This indicated that the target color 
of a previous trial primes the search process on the current trial. 
In all visual search and double step studies, the dichotomy between deviations towards 
and turn-around saccades is ill defined. A saccade that turns around mid-flight can be seen as 
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deviating towards the initial saccade goal. There is no clear definition of when a saccade is a 
turn-around saccade and when it is ‘just’ deviating towards a distractor. It is therefore likely 
that studies reporting either one of these two, are actually reporting both types of eye 
movement trajectories. 
 
2.4 Theories of deviations towards 
As reviewed above, deviations towards thus occur when the target and another element 
(target or distractor) are presented at the same time (global effect and visual search), or in 
close temporal proximity (double-step paradigm). A dominant explanation of these deviations 
is the one provided by Tipper’s population coding theory (Tipper et al., 2000; Tipper et al., 
1997). This theory was first proposed to account for trajectory deviations in hand 
movements, which are beyond the scope of this review. Since similar dynamics are observed 
with reaching for an object are also found in saccades (Tipper et al., 1997), Tipper and 
colleagues extended their theory of manual responses to eye movements. The theory states 
that possible target objects are represented by a large population of neurons that encode the 
movement towards each target object as a vector. The strength of a population code is 
related to the saliency of the corresponding object. When two possible targets are positioned 
in close proximity, the populations corresponding to these targets will be combined to one 
mean population of which the vector will point to an intermediate location. Since participants 
are instructed to move their eyes to only one location, competition between the two active 
populations has to be resolved by inhibiting one of them. Inhibitory selection of one 
population over the other may shift the resulting movement vector in such a way that it 
affects the final response to the target. 
According to this theory, inhibition can be achieved through two independent inhibitory 
mechanisms. The first mechanism makes use of lateral inhibition between direction-coding 
cells within a motor map (Georgopoulos, 1995). Direction-coding cells are positioned so that 
they are near cells coding for the same direction. Because each cell has excitatory connections 
to cells that are near and inhibitory connections to cells that are more distant (Munoz & 
Istvan, 1998), distractors can be inhibited by the enhancement of target cells. However, if the 
distractor activity is too high, this mechanism is not sufficient to resolve the response conflict. 
In that case, a second mechanism can suppress the distractor activity by ‘reactive feedback’ 
(Houghton & Tipper, 1994). This feedback is much stronger and is related to the saliency of 
the to-be-inhibited object. This mechanism is responsible for deviation away from the 
inhibited object. The population coding theory predicts that distractors that are highly salient 
will evoke a large amount of inhibition and therefore will cause the hand or eye movement to 
deviate away from the distractor. Distractors that are not so potent will not evoke reactive 
feedback, resulting in deviation towards the distractor. 
This latter assumption can be questioned with respect to eye movements. Whereas the 
population coding theory claims that deviation towards will only be observed with distractors 
that are not potent, behavioral studies seem to indicate that the opposite is true: deviation 
towards seem to be present when the competition between the target and the distractor is 
very strong. The three types of experimental set-ups that typically show deviations towards 
are the ones that evoke either a very strong competition between target and distractor (in 
‘double-step’ or ‘visual search’ setups) or in which target and distractor are closely aligned 
(the ‘global effect’). 
A second interpretation of deviations towards can be seen as a simplified version of 
Tipper’s population coding theory. This simplified account shares with Tipper’s theory the 
claim that targets are represented as population codes, but states that saccade trajectories 
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are initiated on the basis of the ‘weighted average’ of the corresponding vectors (McPeek et 
al., 2003; McPeek & Keller, 2001; Port & Wurtz, 2003; Robinson, 1972). This account claims 
that deviations towards is observed when the average vector points to a location between 
two elements. It does not assume that only less potent distractors result in deviation towards, 
but all distractors can evoke deviations towards as long as the average vector points to an 
intermediate location. This weighted average account is based on results from 
neurophysiological recordings, reviewed in the next section. 
 
2.5 Neurophysiological investigations of deviation towards 
To provide some background, we first shortly outline what is known about the 
neurophysiology of saccade target selection. Many models of saccade generation have 
assumed that target selection is the result of competitive interactions among groups of 
neurons coding for the possible target locations on a common motor map (Godijn & 
Theeuwes, 2002b; Kopecz, 1995; McSorley et al., 2004; Trappenberg et al., 2001; Van der 
Stigchel et al., submitted). This motor map is often thought to be located in the intermediate 
layers of the superior colliculus (SC) (Schall, 1991; Sparks & Hartwich-Young, 1989). This mid-
brain structure contains a retinotopically-organized map in which neural activity is correlated 
with target selection (McPeek & Keller, 2004; Wurtz et al., 1980). Moreover, stimulation of 
cells in the SC results in a saccade to the coordinates corresponding to the stimulated 
location (Robinson, 1972). When multiple targets are present, activity at the site of the 
chosen target in the SC increases until saccade initiation, whereas it decreases at other sites 
(Basso & Wurtz, 1997) suggesting that the SC is involved in target selection. To accomplish 
this, the SC integrates input from many cortical areas such as the Frontal Eye Fields (FEF), the 
Supplementary Eye Fields (SEF), the posterior parietal cortex and occipital visual areas (Munoz, 
2002). It sends the outcome of this integration process to the brainstem premotor circuitry 
where the eye movement is programmed (Moschovakis, 1996). Evidence suggests that the 
region of maximal activity in the SC determines which target is going to be foveated, but not 
how this is to be brought about (e.g. via a saccade, or a combined eye and head movement, 
or via smooth pursuit, Krauzlis et al., 2004). 
In this review, we focus on the SC when we discuss neurophysiological investigations of 
saccade deviations, as almost all studies in this area have been reports of recordings in the 
SC. However, it should be noted that other brain areas like the Frontal Eye Fields (FEF) or the 
Supplementary Eye Fields (SEF) may also play a role in the determining of saccade deviations. 
It would not be surprising if similar results will be obtained when recording in the FEF or SEF 
as have been in the SC. 
McSorley et al (2004) proposed a model in which the initial saccade direction is controlled 
by the SC, while the cerebellum corrects possible deviations from the target direction (see 
also Quaia et al., 1998). The cerebellum monitors saccade progress and compensates for 
directional errors by adjusting the motor signal. So, when the initial direction of the saccade 
is programmed to a location that is not the target location, on-line cerebellum feedback takes 
care of the saccade the correct landing position. 
Therefore, even though it is known that the SC does not determine the exact trajectory of 
a saccade (Bergeron et al., 2003; Goossens & Van Opstal, 2000; Quaia et al., 1998), its 
activity does seem to influence the trajectory beyond the initial direction. Three paradigms 
have been discussed in which deviations towards can be observed. All three have been 
combined with cell recordings in the SC in at least one study. These studies support the idea 
that deviations towards can be explained by competition between saccade goals in the SC, in 
line with the weighted average account. 
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McPeek et al. (2003) investigated deviation towards in a visual search paradigm using the 
color-oddity search task introduced earlier. If two saccade goals in the SC are activated, a 
saccade will be initiated to the goal with the highest activity, but will deviate towards the 
other location. McPeek and colleagues showed that this deviation was accompanied by 
increased pre-saccadic activity at the location the trajectory deviated towards. More 
important, the level of activity recorded at this location was correlated with the magnitude of 
this deviation. In the same study, further evidence was provided by micro-stimulation of the 
SC below the threshold for saccade generation. Eye movements that were initiated to a 
different location curved towards the stimulated location. The magnitude of this deviation 
was correlated with the induced activity at the stimulated location (McPeek et al., 2003).  
In situations in which the global effect occurs, activity in the SC has been found to be 
highest at a location in between the two targets (Glimcher & Sparks, 1993; Van Opstal & Van 
Gisbergen, 1990). This seems to imply that activity at both target locations is summated and 
is therefore highest at an intermediate location. Whether eye movements are initiated to the 
weighted average or to the highest location in the saccade map (Findlay & Walker, 1999), 
they will land on an intermediate location between the two targets.  
Port and Wurtz (2003) investigated saccade trajectories in a double-step paradigm. Trials 
in which turn-around saccades occurred were accompanied by initial high activity at the 
distractor location, with a later shift towards the target location. Such an effect was absent 
for straight saccades.  
To summarize, deviation towards seems to be caused by unresolved competition between 
elements in a visual scene. It occurs when a target and a distractor both elicit activity in the 
motor map at the time of saccade initiation. These findings are in line with a weighted 
average account (see McPeek et al., 2003; McPeek & Keller, 2001; Port & Wurtz, 2003). 
According to this account, targets are represented as neural populations and saccade 
trajectories are initiated on the basis of the weighted average of the corresponding vectors, 
with activity in the SC being the physical instantiation of these vectors. The sole factor that 
seems to distinguish these three instances is the timing of the target selection process (see 
Figure 1.2). 
In case of the global effect in which two elements are presented in close proximity, the 
weighted average is located at an intermediate location because the vectors that encode the 
elements in the saccade map merge to one mean vector. The competition between the two 
elements is not resolved (or too late) and the saccade ends at the intermediate location. 
Evidence for this idea is the finding that the global effect is more frequent for short saccade 
latencies than for longer latencies (Ottes et al., 1985). Target selection is most likely not to be 
complete at shorter latencies. If, however, the competition is resolved shortly after saccade 
onset, a saccade is initially directed to an intermediate location but the movement is 
corrected and programmed to the target location (‘deviation towards’).  
Turn-around saccades are explained by the change of saccade goal in mid-flight. In these 
situations, competition is at saccade onset biased towards one location, and the saccade is 
initiated towards it. However, mid-flight a different location than the original saccade target 
location wins the competition. In that case, the saccade will change direction to that location. 
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Figure 1.2: Activity in the saccade map at two time points during saccadic target selection for the 
three instances of deviation towards. The arrows represent the weighted average and the circles 
represent the height of activity at a certain location (large circle means high activity). 
 
3. Deviation away 
 
Paradigms in which deviation away occurs can be subdivided into two rough categories: those 
in which eye movements deviate away from irrelevant distractors and conditions in which 
saccades deviate away from a location to which attention is voluntary allocated. We will now 
discuss each in turn. 
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3.1 Irrelevant distractors in the visual field 
3.1.1 Visual search with one distractor 
Doyle and Walker (2001) were the first to show that completely irrelevant distractors could 
evoke deviations away. Participants had to make a saccade either up or down from fixation in 
the presence of a completely irrelevant distractor. Two types of saccades were used: voluntary 
and reflexive saccades. Reflexive saccades were evoked by the onset of the target element, 
while voluntary saccades were initiated by a central cue. An irrelevant distractor was presented 
to the left or right of fixation. Both types of eye movements were accompanied by deviation 
away from the distractor (see Figure 1.3a). 
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Figure 1.3a: Mean eye movements of one participant in a cueing experiment. The target location 
was cued prior to target onset by a central arrow. Participants were instructed to make an eye 
movement to the target. In the baseline condition no distractor was presented, while in the distractor 
location a distractor was presented simultaneously with the target. The target is represented by the 
black circle, the distractor by the black triangle. Compared to the baseline condition, eye movements 
deviated away from the distractor in the distractor condition (Van der Stigchel & Theeuwes, 
unpublished data). 
Figure 1.3b: Two examples of turn-around saccades: eye movements that change direction during 
their flight (Godijn & Theeuwes, unpublished data). Participants were instructed to fixate on the 
central cross until the target (‘*’) was presented, to which had to make a saccade. In some cases, an 
irrelevant distractor (‘x’) was presented simultaneously with the target. In these cases, some turn-
around saccades are elicited, saccades that are initiated to the distractor, but mid-flight change 
direction to the correct target location. 
 
3.1.2 Multiple irrelevant distractors 
A recent paper examined eye movement trajectories to a target in the presence of multiple 
similar onset distractors (McSorley et al., 2004). The paradigm was similar to studies that have 
examined the influence of a single irrelevant distractor. Voluntary vertical saccade trajectories 
were shown to be straight when two distractors were presented at mirrored locations in both 
the left and right visual field. Also when the distractors were in opposite hemifields but not at 
mirrored locations there was no effect of the distractors on saccade trajectory. Therefore the 
exact spatial location of a distractor does not seem to modulate saccade deviations. The only 
exception is that distractors induce more deviation when they are presented in the same 
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hemifield as the target then when they are presented in a different hemifield (see also Doyle 
& Walker, 2001) and when a distractor is placed close enough to the target to elicit a global 
effect (i.e. Van der Stigchel & Theeuwes, 2005b). 
 
3.1.3 Oculomotor capture tasks 
When one of the distractors is highly salient, the eyes can be captured involuntarily (Godijn & 
Theeuwes, 2002b; Theeuwes et al., 1998). In ‘oculomotor capture’ tasks, observers view 
displays containing a number of gray circles positioned on an imaginary circle around a 
central fixation point. After a fixed period, all circles change color except one. This is the 
target circle. Upon the presentation of the target, on some trials an additional irrelevant red 
circle is presented with abrupt onset in the display. In 30% to 40% of trials in which the 
additional onset circle is presented, participants do not saccade to the target element, but 
erroneously make an eye movement to the onset distractor element: the eye is ‘captured’ by 
the onset distractor. 
Saccade trajectories show two types of characteristics in the onset condition: when a 
saccade is correctly performed to the target element, saccade trajectories deviate away from 
the irrelevant distractor, as they do when only one distractor is present (Doyle & Walker, 
2001). This shows that distractors do not uniformly influence saccade trajectories, but that 
their salience modulates how strongly saccades deviate away from a distractor. 
In this paradigm, only in a small portion of trials turn-around saccades are observed: 
saccades initially go towards the distractor, but then turn to the target circle (see Figure 
1.3b). These cases seem related to the trials in which the eyes are captured by the onset 
distractor, with the difference that in trials with turn-around saccades the target location is 
activated in time to correct the saccade.  
 
3.1.4 The role of target similarity 
Distractor salience is a bottom-up characteristic, not influenced by task variables. Ludwig and 
Gilchrist (2003) showed that trajectories are also modulated by a task-related factor, namely 
the similarity of the distractor to the target. This research was based on the finding that 
oculomotor capture was more likely if the distractor has the same color as the target element 
relative to a condition in which the colors were different (Ludwig & Gilchrist, 2002b). The fact 
that goal-driven information can increase capture by a distractor indicates that stimulus-
driven properties and goal-driven signals are integrated and jointly determine saccade goals. 
To find further evidence for the integration of these two signals Ludwig and Gilchrist (2003) 
used deviations in saccade trajectories as a measure. In their experiments, participants made 
saccades to one of two elements located either above or below the fixation point. Which 
element was the target was indicated by a color change. An abrupt onset distractor appeared 
either left or right of the horizontal meridian at the same time as the color change. The color 
of this distractor was either the same or different as that of the target. Deviations away were 
observed for both types of distractors. When target and distractor appeared simultaneously 
and the central fixation point was removed prior to target appearance, the deviation was 
unaffected by distractor color. This was not the case when either the onset appeared 78 ms 
before the target or when fixation point was not removed. In that case there was more 
deviation away when the target was similar to the distractor compared to when they were 
dissimilar. Not removing the fixation point delays saccade initiation (Reuter-Lorenz et al., 
1991; Saslow, 1967), giving top-down signals more opportunity to manifest themselves in 
target-directed saccades.  
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The observed differences in saccade deviations led Ludwig and Gilchrist to conclude that 
the initial response is stimulus-driven, but that later in time the stimulus driven signal is 
combined with the influence of top-down input (see for a similar account Van Zoest et al., 
2004). 
 
3.1.5 Eye movements and multi-modal interactions 
Not only visual distractors or the allocation of attention can influence saccade trajectories, but 
distractors in other modalities evoke similar deviations. It is known that multi-modal 
information about an object’s location can reduce response latencies to this target. For 
example, saccade latencies to a target are lower when target onset is accompanied by an 
auditory signal at its location (Corneil et al., 2002; Lee et al., 1991). Frens et al (1995) 
showed that when visual and auditory stimuli were presented vertically aligned, saccades 
typically started in a direction in between the two stimuli. The presence of a localized 
auditory stimulus can thus influence the trajectory of saccades to a visual target when they 
are placed close enough, in a similar way as in the case of two visual targets (global effect).  
Doyle and Walker (2002) examined the relation between non-visual modalities and 
saccade trajectories. Participants made eye movements to locations above or below central 
fixation. During these eye movements, visual, auditory, or somatosensory stimuli were 
present on the left or the right side. These distractors provided task-relevant information 
about which target to saccade to. In line with earlier studies, these voluntary eye movements 
deviated away from visual distractors. Although smaller, this effect was also observed for 
auditory and somatosensory stimuli. This was replicated for reflexive saccades when task-
irrelevant distractors preceded the onset of the target by 100 ms.  
The observation that stimuli of modalities other than the visual modality can influence 
saccade trajectories gives rise to the idea that stimuli of all modalities are represented on a 
common motor map. Indeed, neurons in the SC are also responsive to auditory and tactile 
stimuli (Stein & Meredith, 1993), although fewer neurons in the SC respond to auditory and 
tactile stimuli than to visual stimuli (Stein & Meredith, 1993). The finding that fewer neurons 
respond to auditory and tactile stimuli might also explain why deviation away was smaller for 
auditory and somatosensory stimuli. These stimuli have less pronounced representations in 
the SC and therefore evoke less competition than visual stimuli. 
 
3.2 Eye movements and manipulations of voluntary attention 
In the previous section, studies were reviewed in which saccades deviated away from 
irrelevant distractors. In this section, we discuss studies involving endogenous (or top-down, 
voluntary, goal-directed) covert orienting. Covert orienting is achieved by a shift of spatial 
attention without making an eye movement (overt orienting refers to an eye movement). 
The first to study the influence of voluntary attention on eye movement trajectories were 
Sheliga and colleagues (Sheliga et al., 1995a; Sheliga et al., 1994, 1995b). Their findings 
were considered evidence for the premotor theory of attention (Rizzolatti et al., 1987; 
Rizzolatti et al., 1994). This theory claims that the mechanisms involved in programming 
saccades are the same as those involved in spatial attention. In particular, according to the 
theory directing attention to a location is nothing more or less than preparing a saccade to 
that location. 
In their experiments, Sheliga and colleagues examined whether directing attention to a 
spatial location influences the trajectory of a predetermined eye movement. Observers had to 
make vertical saccades to a target below or above the fixation point (Sheliga et al., 1995b). 
An imperative stimulus indicated whether an upward or downward saccade had to be made. 
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This imperative stimulus was presented within one of four peripheral boxes positioned in the 
upper and the lower hemifield to the left and right of the target locations. The eyes deviated 
away from the imperative stimulus. This deviation was greater when the saccade target and 
the imperative stimulus were both in the upper or lower hemifield. In another study, 
deviations were observed for horizontal as well as vertical saccades (Sheliga et al., 1995a), 
and were observed when attention was oriented reflexively to a transiently presented 
imperative stimulus and when attention was oriented voluntary by a central directional cue 
(Sheliga et al., 1995b). These studies indicate that spatial attention, as directed to the 
imperative stimulus, leads to activation within the oculomotor system. This supports the 
premotor theory’s assumption that a covert shift of attention involves the same mechanisms 
as those involved in saccade programming. 
In a dual task study, Van der Stigchel and Theeuwes (2005a) recently investigated whether 
the premotor theory also holds for conditions in which attention is allocated to multiple 
locations. Two locations were endogenously cued as possible target locations, while only one 
eye movement had to be executed. After a cue period this eye movement had to be executed 
to one of the two cued locations. The saccade goal was indicated by removing one of the 
two cues. During the cue period letters were briefly presented at both the saccade and no-
saccade goal. Performance was better for the letters presented at the saccade goal, showing 
that attention was allocated to the possible target locations. This is consistent with recent 
findings that covert spatial attention precedes the eyes to the saccade goal (e.g. Deubel & 
Schneider, 1996; Godijn & Pratt, 2002; Godijn & Theeuwes, 2003; Hoffman & Subramaniam, 
1995a; Kowler et al., 1995; Shepherd et al., 1986). Furthermore, in line with the premotor 
theory, eye movements deviated away from the target location to which no saccade was 
executed. These results indicate that the allocation of attention to multiple locations may 
result in saccade deviation away from either one of these locations. 
 
3.3 Eye movements and spatial working memory 
An interaction between spatial working memory and visual attention was established by Awh 
and Jonides (2001), who showed that when a location is kept in memory, visual processing at 
this location is better than at other locations. In a recent study, a direct link between spatial 
working memory and the eye movement system was established by looking at saccade 
trajectories (Theeuwes et al., 2005). Participants in the study had to remember the location of 
a dot during a particular time interval. When in this interval a voluntary eye movement to a 
designated target was made, trajectories deviated away from the remembered location. This 
provided evidence for a strong overlap between spatial working memory and the eye 
movement system, because it shows that locations that are kept in memory generate activity 
in the motor map of the oculomotor system. 
 
3.4 Eye movements and IOR 
Inhibition of return (Posner & Cohen, 1984) refers to the finding that response times are 
longer when a target is presented at a previously cued location than when it is presented at 
an uncued location. Saccades to cued locations are also found to have longer latencies than 
to non-cued locations (Abrams & Dobkin, 1994; Posner & Cohen, 1984). Rafal et al (1989) 
revealed the crucial role of oculomotor programming in manual IOR by showing that IOR only 
occurred after saccade preparation or execution, but not after endogenous allocation of 
attention. It was therefore proposed that IOR is tied to motor programming (Klein & Taylor, 
1994). However, the exact operating mechanisms are still unclear. 
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The source of the inhibition in IOR can be investigated by examining saccade trajectories. 
In an experiment by Godijn and Theeuwes (2004) one of four locations was cued (both 
voluntarily and reflexively). Subsequently, participants executed a saccade to one of these 
four locations. IOR was observed at the cued location, as revealed by increased saccade 
latencies. Interestingly, saccades trajectories also deviated away from the cued location. Both 
saccade latencies and deviations were stronger with an onset cue than with a color singleton 
cue, suggesting that the inhibition presumed to underlie IOR and saccade trajectories are 
related. However, the time course of IOR and saccade deviations was different. Saccade 
deviations were only found at short delays between cue and saccade, whereas IOR lasted 
longer. This suggests that the possible inhibition underlying IOR and saccade deviations is not 
applied within the same system and must therefore have different neurophysiological 
correlates. 
Theeuwes and Godijn (2004) further investigated the relation of irrelevant distractors on 
IOR and saccade trajectories. They presented irrelevant distractors either at the inhibited (by 
IOR) or the non-inhibited location. As observed in the oculomotor capture paradigm, 
saccades with short latencies deviated towards the irrelevant distractor. When the distractor 
was presented at the inhibited location this deviation towards was reduced. At longer 
latencies, deviations away were observed, which were identical for both distractor locations. 
 
3.5 Preparation for upcoming targets and distractors 
Two recent studies have investigated the role of preparation on eye movement trajectories. 
These studies have conducted experiments in which either the distractor or the target 
location was made known in advance to the participant. Van der Stigchel and Theeuwes 
(2006) designed experiments in which knowledge of the location of an upcoming distractor 
was provided to the participant. Observers expected a distractor to be presented on a 
designated location along with the target. In 80% of trials a distractor was indeed presented, 
in the remaining 20% of trials it was not. Both the locations of the target and the distractor 
were known in advance. In one experiment, the distractor location was constant and the 
target location cued by a central arrow, while in another experiment both the target and the 
distractor locations were cued. The two experiments showed that saccade trajectories 
deviated away from the distractor location when the distractor was present, but also when 
the distractor was only expected but not presented. This reveals that the mere expectation 
that a distractor will appear at a specific location is enough to generate saccade deviations 
away from that location. 
Expectancy of a distractor is not the only factor involved in generating deviation away 
from a distractor. In the experiments of Van der Stigchel and Theeuwes (2006), deviation 
away was stronger when a distractor was presented, showing that distractor presence adds 
to the competition caused by mere expectancy. Moreover, in other experiments (Doyle & 
Walker, 2001; Godijn & Theeuwes, 2002b; Ludwig & Gilchrist, 2003), participants did not 
know in advance at what location a distractor would occur. Deviation away from a location 
observed in those experiments can thus not be explained by expectancy of the distractor. 
Walker, McSorley and Haggard (2006) showed that prior knowledge of an upcoming 
target also influences saccade deviations. Knowledge of the target location resulted in 
deviation away from a distractor, while when the target appeared at an unpredictable 
location, deviation towards the distractor was observed. In the predictable condition, the 
target location was indicated by a central arrow. In the unpredictable condition no such cue 
was presented, and the task essentially became a visual search task: participants searched the 
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visual display for the target. Saccades curved towards distractors in the unpredictable 
condition, but away from distractors the predictable condition.  
These findings highlight the contribution of preparation in determining the direction of 
saccade trajectories (Van der Stigchel & Theeuwes, 2006; Walker et al., 2006): when the 
relevant locations are known in advance, preparation for the upcoming saccade can already 
begin. In visual search tasks, in which prior knowledge of the relevant spatial locations is not 
available, prior preparation is impossible, resulting in an unprepared saccade program at the 
beginning of the target selection process. 
 
3.6 Neurophysiological investigations of deviations away 
In the case of deviation toward, a wealth of studies provide insights into the brain 
mechanisms underlying the deviation. This is not the case for deviation away. In fact, there 
has been no monkey study in which the eye movement trajectories deviate away from a 
distractor location. It has been shown in monkeys that after deactivating of a location by an 
injection of a GABA agonist, muscimol, the eyes deviate away from this location (Aizawa & 
Wurtz, 1998), but no such behavior has been observed in monkeys without pharmalogical 
deactivation.  
It has been argued that McPeek et al (2003) did show neurophysiological correlates of 
deviation away in their visual search experiment with monkeys (e.g. Walker et al., 2006). The 
evidence was inferred from activity measures of a SC location which revealed little or no 
activity. Eye movements deviated away from this location. However, in their experiment there 
was always another distractor located opposite of the location at which activity was recorded. 
No neuronal responses were recorded at that other distractor location. Therefore, it is unclear 
whether they observed deviation away from the recorded distractor location or deviation 
towards the other distractor present in the search display.  
 
3.7 Theories of deviations away 
To account for deviations away, two hypotheses were originally proposed by Sheliga et al 
(1994): the suppression and the remapping hypothesis. The remapping hypothesis was based 
on evidence from neurophysiological studies indicating that the receptive fields of neurons in 
the lateral intraparietal area (LIP) shift before an eye movement to the endpoint of that eye 
movement (Duhamel et al., 1992). These neurons anticipate the programmed eye movement. 
The premotor theory states that when attention is shifted, an eye movement will be 
programmed to that location. According to this hypothesis, this should then cause the 
representation of the responsible neurons to shift to the location to which attention is 
shifted. The subsequent eye movement to the target location is then initiated from the 
remapped location, although the eyes are physically at the fixation point. This error is then 
responsible for the deviation. 
This hypothesis was questioned by Doyle and Walker (2001), who cited evidence 
suggesting that remapping does not occur following covert attention: remapping in LIP is 
dependent on the intention to make a saccade and it is absent when only orienting covertly 
to a location (Colby et al., 1996). In the Sheliga et al experiments, attention was covertly 
shifted to the location the eye movement trajectory deviated away from. If such shifts indeed 
do not result in remapping (Colby et al., 1996), the remapping hypothesis cannot explain the 
deviation away from the intended location. 
The suppression (or inhibition) account states that the occurrence of the imperative 
stimulus is accompanied by an inhibition of the orienting response. This inhibition is the result 
of instructions not to make an eye movement to that location. The eye movement 
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programmed when attention shifts should not be executed, and this is achieved through the 
use of inhibition. This inhibitory field then influences the subsequent voluntary eye 
movement, resulting in a saccade trajectory that deviates away from the inhibited saccade 
program. 
Tipper’s population coding theory also refers to inhibition to account for deviations away 
(Tipper et al., 1997; Tipper et al., 2001). As mentioned before, when two possible targets are 
positioned in close proximity, the two populations will be combined to one mean population 
of which the corresponding vector points to an intermediate position. Competition between 
the two active responses has to be resolved by inhibiting one of the populations. Inhibitory 
selection of one target over the other may shift the mean vector in such a way that it affects 
the final response to the target. The amount of deviation is related to the inhibition applied 
to the cancelled vector: the stronger the inhibition, the greater the deviation will be. 
Other models of saccadic target selection have also included inhibitory mechanisms to 
account for deviations away (Godijn & Theeuwes, 2002b; McSorley et al., 2004). In these 
accounts distractors get inhibited, which then alters the field of activity within the SC in such 
way that a deviating saccade results. Although such an inhibitory mechanism is able to 
account for the behavioral data, there is no direct neurophysiological evidence for such a 
process. Models of saccadic target selection have incorporated the FEF as a possible source of 
top-down inhibition of distractor locations (Godijn & Theeuwes, 2002b; McSorley et al., 
2004; Van der Stigchel et al., submitted). The FEF are known to send inhibitory connections 
to the SC via the substantia nigra of the basal ganglia (Basso & Wurtz, 1997, 2002; Munoz & 
Schall, 2003). Because no neurophysiological study has recorded SC activity during deviations 
away, it remains unknown whether the FEF can inhibit the SC such that it results in deviation 
away. Although Aizawa (1998) have observed deviations away in monkeys after local 
deactivation, it is unknown whether such an effect can occur under normal circumstances. 
An alternative account for deviations away that cannot be ruled out is the idea of 
‘overcompensation’. It is possible that an eye movement is ‘overcompensated’ to not 
reflexively saccade to a distractor location or location to which attention is directed. Because 
it is important not to land on these latter locations, the system could be set to compensate 
via the initialization of an eye movement in the direction away of the cancelled program. The 
underlying neurophysiological correlate could be similar to that proposed by inhibition 
accounts. The FEF does have direct excitatory connections to the SC and might activate the 
‘anti-saccade’ location on the basis of top-down processes (Munoz & Schall, 2003). 
Both the inhibition and overcompensation accounts can be integrated with the weighted 
average account (see Figure 1.4). Inhibiting the distractor location would evoke a decreased 
activity in the left saccade map, resulting in a weighted average that is directed away from 
the inhibited location. The overcompensation account would assume activation of a location 
that, relative to the target, is opposite of the distractor. This activation process can be seen as 
a sort of ‘anti-saccade’ programmed away from the location that should be avoided, resulting 
in deviation away. For both accounts, on-line cerebellar feedback creates the deviation back 
towards the target location (McSorley et al., 2004; Quaia et al., 1998). 
If deviation away would be found in monkey studies, neurophysiological recordings could 
provide evidence for or against both alternatives. The inhibition account would be supported 
when activity at the distractor location is below baseline during deviations away. Evidence for 
the overcompensation account would consist of increased activity at a location placed, relative 
to a straight saccade to the target, opposite of the distractor. 
The recent finding that deviation away is stronger when the distractor is not only expected, 
but also presented (Van der Stigchel & Theeuwes, 2006) should also be accounted for by an 
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appropriate theory. This particular study showed that the mechanism underlying deviation 
away may have two components: one on the basis of the top-down expectancy of the 
distractor and one on the basis of the activity evoked by the onset of the distractor itself. 
Evidence for this last component originates from the discussed visual search experiments in 
which late saccades deviate away from a distractor presented on an unexpected location 
(Godijn & Theeuwes, 2002b; Walker et al., 2006). The influence of these two components 
summates and results in a mean vector that is directed more away than when the distractor is 
only expected, but not presented. 
 
OvercompensationInhibition  
 
Figure 1.4: Illustration of how both alternative accounts of deviation away can be integrated with the 
weighted average account. The distractor is positioned on the left and the target on the right side in 
the visual field. The inhibition account states that when the target is selected, the distractor will be 
inhibited (illustrated by the gray circle). As a result of this selection process, the weighted average 
vector will point away from the target location. The overcompensation account states that a location 
on the right side of the target will be activated in order to rule out the possibility that the weighted 
average will be directed to the distractor location. This, however, causes the weighted average to be 
pointed to a location away from the distractor. 
 
4. When do saccades deviate towards and when away? 
 
It may seem inconsistent that eye movements sometimes deviate towards, but in other cases 
deviate away from a location. For instance, what determines whether saccade trajectories 
deviate towards a distractor, as in visual search, or away from it as in many other reported 
studies? We have suggested that deviation towards results from the averaging of populations 
coding the target and the distractor, but that deviation away occurs when a distractor is either 
inhibited or when a compensating saccade is planned. Why does such inhibition or 
compensating of saccades not occur in situations of deviation towards? The current review 
suggests that deviation away is observed in situations in which top-down preparation can 
influence the target selection process. The effects of two factors provide evidence for that 
idea: timing and prior knowledge. When observers know where to expect either the target or 
the distractor and have the time to top-down prepare for the saccade or correct an erroneous 
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saccade, distractors will result in deviation away. If observers either do not have the 
knowledge or the time to prepare for the saccade or to correct an erroneous saccade, 
distractors will elicit deviation towards.  
With respect to prior knowledge, it has been shown that prior knowledge about the 
location of an upcoming target influences whether the saccade will deviate away or towards 
that location (Walker et al., 2006). The studies in which the target location was predictable 
have reported deviation away (Sheliga et al., 1995a; Sheliga et al., 1994, 1995b; Theeuwes et 
al., 2005; Van der Stigchel & Theeuwes, 2005a; Van der Stigchel & Theeuwes, 2006), whereas 
in paradigms in which the target location is less predictable (e.g., visual search experiments) 
both saccade deviations away and towards were observed (Godijn & Theeuwes, 2002b; 
Walker et al., 2006). When the relevant locations are known in advance, preparation for the 
upcoming saccade can already begin. Based on advance expectancy of the target or distractor 
location, the relevant locations can already be selected or deselected. When prior knowledge 
is not available, as in visual search tasks, such prior preparation is impossible. 
The second factor that determines the direction of deviation is timing of the target 
selection process. Two findings suggest the importance of timing: 
 In some visual search experiments, fast saccades deviate towards, while slow ones deviate 
away from distractors (Theeuwes & Godijn, 2004; Walker et al., 2006). 
 The deviation away from a distractor is modulated by target similarity when the saccade is 
delayed, but this effect is absent when it is not delayed (Ludwig & Gilchrist, 2003).  
These findings suggest that saccades deviations away from a distractor are more frequent for 
slow saccades than for fast saccades, whereas the opposite is true for deviations towards a 
distractor. For shorter latencies, the target selection process is unprepared and based more on 
stimulus-driven features (Ludwig & Gilchrist, 2003; Van Zoest et al., 2004). If competition 
between possible target locations is not yet resolved at the time of the saccade, deviation 
towards is frequently observed. For longer latencies top-down signals can manifest themselves 
in the selection process. Target selection is then more prepared and less based on saliency but 
on top-down processes like task variables, leaving its marks on saccade trajectories in the form 
of deviations away. 
The relationship between timing and top-down preparation can explain why in visual 
search experiments early saccades deviate towards the distractor, while later saccades deviate 
towards such an element (Theeuwes & Godijn, 2004; Walker et al., 2006). In visual search 
tasks, prior knowledge of the appropriate target location is not available and prior preparation 
is therefore impossible. Early saccades will therefore deviate towards the distractor, whereas 
later saccades will deviate away from the distractor. 
In voluntary attention shifts, participants know that they will not have to make a saccade to 
the attended location. They thus have time to stop saccades to the attended location – 
whether this is through inhibition or compensating saccades. A similar explanation can 
account for deviation away in the memory experiments.  
Deviations towards can be explained by the absence of dominant top-down preparation. In 
visual search experiments (where the relevant locations are unknown), in case of a global 
effect (where a decision is based on the relative saliency in the saccade map), in double step 
paradigms (where the target location switches), top-down preparation cannot influence the 
target selection process in an effective way.  
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5. Conclusion 
 
Because vision is impaired during an eye movement, it is important that the flight is executed 
with the greatest possible speed to minimize the period of poor vision. The exact trajectory is 
therefore irrelevant to the observer, provided it is fast enough. Indeed, trajectories are seldom 
straight. On top of idiosyncratic, individually set deviations in normal saccade trajectories, 
trajectories have been found to deviate away or towards locations depending on the 
behavioral paradigm. Here, we reviewed the conditions in which deviation towards or away 
are found, and what is known about mechanisms underlying saccade trajectory deviations.  
Deviation towards is found when competition between two possible targets is unresolved 
by the time of saccade initiation. This occurs in paradigms in which two targets are presented 
in close succession or in visual search when a saccade is initiated before the target is 
differentiated from distractors. At the physiological level, such situations result in multiple 
activation spots on the SC motor map. These spots seem to be integrated into a weighted 
average that then determines to which location saccades are directed. 
What causes deviations away is less clear. Behaviorally, it is found when observers know 
where they will have to make a saccade to, and have the time to top-down inhibit tendencies 
to saccade to attended locations or distractor locations. Two hypotheses remain viable 
accounts of how saccades deviate away from such locations. Both follow logically from the 
weighted averaging account that provided the best explanation for physiological studies of 
deviation toward. One is that observers inhibit locations on the SC motor map they attend to, 
expect a distractor to appear, or see a distractor appear. This inhibition then skews the 
activation field in such a way that saccades deviate away from the inhibited location. The 
other is that observers, to prevent deviation towards the location, plan a saccade in the 
opposite direction, which generally overcompensates and leads to deviation away from the 
attended or distractor location. 
Although the exact mechanisms thus remain unclear, it can be concluded that top-down 
preparation is responsible for deviations away. When top-down preparation can influence the 
target selection processes, deviation away can be observed. Examples of situations in which 
this occurs are paradigms in which the target location is known in advance or in which 
observers voluntarily attend to a location or keep one in spatial working memory.  
Eye movement trajectories can yield information about the oculomotor and attention 
systems that are not easily obtained via other sources. We have reviewed various findings that 
support this idea. For example, the study of trajectories suggests that IOR is not a unitary 
phenomenon, as it occurs on different time scales in different measures in the same 
experiment. Furthermore, evidence is provided for the idea that spatial working memory 
involves attending to the location where the stored stimulus was presented. Also evident from 
eye movement trajectories is the surprising extent to which multi-modal sources of input are 
integrated into one single map guiding overt and covert orienting.  
Future aspects to explore are the correlation between the size and the time course of 
saccade deviations with dynamic behavioral processes. Furthermore, individual differences 
between participants are still unexplored, and it might be very interesting to look at the 
influences of neurophysiological disorders like ADHD and Alzheimer’s disease on saccade 
deviation. Their decreased oculomotor control might be further investigated by saccade 
deviations.  
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Appendix: How to measure saccade trajectories? 
 
Different methods have been used throughout the literature to quantify saccade trajectories. 
A recent paper has compared many of these methods (Ludwig & Gilchrist, 2002a). Table 1.1 
and Figure 1.5 give a short description of each method. 
The different measures can be divided on the basis of two criteria. First, some measures 
include all sample points on the trajectory of the saccade (Area curvature, Quadratic curvature 
and Saccade deviation), while others focus on one specific sample (Initial direction, Maximum 
deviation and Saccade endpoint). Second, some measures use as a reference a straight line to 
a predefined target (Saccade deviation, Saccade endpoint, Overall initial direction), while 
others use as reference a straight line to the saccade endpoint (all other measures). The first 
are often said to measure deviation of the saccade, the latter the curvature of the saccade.  
To minimize the influence of sample noise, it may be preferable to include all sample points 
in the computation of saccade trajectories. This consideration led Ludwig and Gilchrist (2002a) 
to recommend Quadratic curvature as measure. As there may be valid reasons to focus on 
some aspects of trajectories over others, however, it may not possible to blankly favor one 
method over the other. It should be noted that many are highly correlated (Ludwig & Gilchrist, 
2002a), so that conclusions usually do not hinge on the exact measure chosen (e.g., Van der 
Stigchel & Theeuwes, 2006).  
In the main text, it was discussed that activation on the SC motor map at saccade initiation 
seems to determine the initial direction of the saccade, while cerebellar mechanisms then 
correct the saccade to target locations that later in time win the competition. This suggests 
reporting a measure of initial direction relative to the target to investigate processing at 
saccade initiation (Overall initial direction), and a measure of curvature to investigate later 
processing (e.g., Maximum curvature, Area curvature, or Quadratic curvature). 
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Figure 1.5: The different possible measurements of a saccade trajectory. 
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Name 
(letters refer  
to Figure 1.5) 
Definition References 
Overall 
Direction (B) 
Angular difference between saccade landing  
point and the correct target location 
(Coren & Hoenig, 1972;  
Findlay, 1982; Ottes  
et al., 1985) 
Initial 
direction 
(A) 
Angular difference between initial direction and  
overall direction of saccade. Initial  
direction computed at a fixed point in the  
saccade (e.g. 20 msec after initiation). 
(Findlay & Harris, 1984;  
Van Gisbergen et  
al., 1987) 
Initial average 
(mean(A)) 
Mean angular deviation of sample points in  
the initial 10 msec of the saccade relative to  
the overall direction of the saccade.  
(Sheliga et al.,  
1995a; Sheliga et  
al., 1995b) 
Maximum 
curvature 
(max(C)) 
Largest absolute perpendicular deviation of the  
sample points between start and end of the eye  
movement. 
(Doyle & Walker, 2001,  
2002; McPeek &  
Keller, 2001;  
Smit & Van  
Gisbergen, 1990) 
Area 
curvature 
ʃC*d(x) 
For each sample point n, distance traveled along  
straight path between onset and endpoint since  
previous sample (n-1) multiplied by the  
perpendicular deviation of sample point n.  
Sum divided by saccade amplitude. 
(McSorley et al.,  
2004; Walker et  
al., 2006) 
Quadratic 
curvature 
Second-order polynomial is fitted to normalized  
saccade. Measure used is the quadratic parameter  
of polynomial.  
(Ludwig &  
Gilchrist, 2003) 
Saccade 
Deviation 
(mean(A+B)) 
Average angle between the saccade sample  
points and the straight path from saccade start  
to the correct target location. 
(Godijn &  
Theeuwes, 2002a,  
2002b; Godijn  
& Theeuwes, 2004;  
Theeuwes et al., 2005;  
Theeuwes &  
Godijn, 2004;  
Van der Stigchel &  
Theeuwes, 2005a) 
Overall  
Initial  
Direction 
(A+B) 
Angular difference between initial direction and  
the straight path from saccade start to the correct  
target location. 
(Van der Stigchel &  
Theeuwes, 2005b) 
 
Table 1.1 
 
  
Chapter Two  
Relation between Saccade Trajectories  
and Spatial Distractor Locations 
 
 
 
 
 
Abstract 
 
This study shows that the exact spatial location of a distractor can have a modulatory 
influence on saccade trajectories. Distractors close to the target evoke saccade trajectories that 
are directed towards the distractor, while distractors close to fixation result in saccades that 
are directed away from the distractor. This finding questions the idea that target positions are 
coarsely coded in the superior colliculus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., & Theeuwes, J. (2005). Relation between saccade trajectories and spatial 
distractor locations. Cognitive Brain Research, 25(2), 579-582. 
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Eye movement trajectories are rarely fully straight (Yarbus, 1967). The trajectories of fast eye 
movements (saccades) in a visual field with a single target are typically idiosyncratic and do 
not show much within subject variability (Bahill & Stark, 1975). Moreover, saccade trajectories 
are known to be influenced by various factors. For instance trajectories deviate away from 
irrelevant non-targets (distractors) (Doyle & Walker, 2001; Godijn & Theeuwes, 2002b), 
whereas deviation towards is observed in two-step (Findlay & Harris, 1984) and visual search 
paradigms(McPeek et al., 2000). 
Deviation away from a distractor is assumed to be caused by inhibition of the vector that 
represents the distractor to select the target (McPeek et al., 2000; Sheliga et al., 1994; Tipper 
et al., 1997). This inhibitory process also affects the target vector causing the resulting vector 
to be pointed away compared to the original target vector. This then results in a saccade that 
is initially directed away from the target location. An independent feedback mechanism takes 
care of the deviation back towards the target location (Quaia et al., 1998). Deviation towards 
a distractor is associated with the lack of inhibition. When inhibition is absent, the executed 
vector will point in the direction of the combined target and distractor vector (Tipper et al., 
1997). 
Evidence suggests that the precise spatial location of a distractor does not have a 
modulatory effect on saccade deviations (McSorley et al., 2004; Sheliga et al., 1994). This is an 
important finding because it suggests that object locations are coarsely coded in the brain 
area that has a major influence in target selection and the exact saccade execution, the 
superior colliculus (SC) (Sparks & Hartwich-Young, 1989). Here we investigate the relation 
between saccade deviation and distractor location on the basis of two hypotheses: 
- Distractors presented within 20 degrees of the target are known to influence saccade 
amplitude in that these distractors sometimes elicit a ‘global effect’ (saccades land in the 
direction of the distractor location) (Coren & Hoenig, 1972). We therefore assume that 
saccade trajectories will be initiated towards the distractor when presented close enough to 
the target location.  
- Research on reaching movements has shown that distractors close to the fixation point 
elicit large inhibition and therefore result in movements that are initiated away from the 
distractor location (Tipper et al., 1997). Because evidence suggests that reaching and eye 
movement trajectories are subject to roughly the same phenomena (Tipper et al., 2001), it 
might be the case that this same finding can be observed for saccade trajectories.  
On the basis of these two assumptions we compared saccade trajectories to a target in the 
presence of a distractor that was either positioned close to fixation or close to the target 
location. If the two hypotheses indeed are reflected in the data this will provide evidence 
against the view that elements are coarsely coded in the SC and that the exact spatial location 
of a distractor has no influence on eye movement trajectories. 
In the current experiment, the display started with a central fixation point. After 600 ms a 
cue appeared pointing either upwards or downwards (see Figure 2.1). Subjects were 
instructed to remain fixated at the central fixation point. A delay of 800-1300 ms then 
occurred followed by the onset of the target. The target was a light gray filled circle with a 
diameter of 0.54°. The location of the onset was related to the direction of the cue: i.e. if the 
line was pointing upwards, the target was presented 7.19° above fixation point. At the same 
time a diamond shape distractor (0.81° x 0.81°) appeared at one of the four possible 
locations. The distractor was placed x = ±2.78° and y = ±2.78° (near fixation) or y = ±5.56° 
(near target) from fixation point. The distance between the close to the fixation distractor and 
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fixation was 3.93°, while the distance between the close to the target distractor and the 
target was 3.23°. The sequence of trials was randomly assigned. 
 
600 ms 800 - 1300 ms
7.19°
2.78°
2.78°
2.78°
5.56°
Close to
fixation
distractor
Close to
target
distractor
 
 
Figure 2.1: Top: Sequence of events on a trial in which the distractor was presented close to the 
target. Bottom: Two examples of possible target locations (close to fixation and close to distractor) and 
the corresponding distances.  
 
Saccade trajectories to the target location were investigated by using two measures. We 
examined saccade deviation by calculating the mean angle of the actual saccade path relative 
to the angle of a straight line between the starting point of the saccade and the target 
location. The mean angle of the actual saccade path was calculated by averaging the angle of 
the straight line between fixation and all 2 ms sample points (e.g., Godijn & Theeuwes, 
2002b; Theeuwes et al., 2005).  
Furthermore, the initial saccade direction was examined by calculating the angle of the 
saccade 12 ms after its initiation1 (see for similar measures, Findlay & Harris, 1984; Van 
Gisbergen et al., 1987). Because the initial direction of the saccade and the feedback 
mechanism are assumed to be independent (Quaia et al., 1998), the initial saccade direction 
will be independent of the saccade endpoint, providing a good indication of the direction of 
the vector on saccade initiation. Positive and negative deviations refer to angles towards and 
away of the distractor location, respectively. 
                                                 
1 It must be noted that McSorley et al. (2004) adopted a different way to compute the saccade trajectory. Both 
measures are adequate ways to compute the initial saccade trajectory. However, it is possible that differences in 
findings are the result of using different measures. 
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The two measures were calculated for the two distractor locations and with respect to their 
latency. Saccade latency was defined as the interval between stimulus display onset and the 
initiation of a saccadic eye movement. To examine the relationship between saccade deviation 
and latency, we ordered the latencies in different bins. On the basis of their latency (fastest to 
slowest) and condition (close to fixation and close to target), for each participant saccade 
trajectories were divided in two times five bins. By comparing the five bins, we could examine 
whether saccade trajectories change as a function of saccade latency for the two distractor 
locations. For each bin and each condition, we calculated the mean latency (see Table 2.1). 
There was no difference in mean latency per bin between the two conditions (F(4,36)= 1.9; 
p>0.10). 
 
 Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 
Close to fixation 181.3 217.2 237.0 261.2 320.8 
Close to target 179.0 212.0 233.7 258.3 324.2 
 
Table 2.1: Mean saccade latency for each bin for each condition. 
 
An analysis of variance on saccade deviation with condition and bin showed a main effect 
of condition (F(1,9)= 9.72; p<0.02). Distractors close to fixation point evoke a deviation away 
from the distractor (mean = -0.041 rad; standard error = 0.021 rad) while distractors close to 
the target location show a deviation towards the distractor (mean = 0.024 rad; standard error 
= 0.038 rad). Furthermore, a reliable interaction between condition and bin was revealed (see 
Figure 2.2, F(4,36)= 6.47; p<0.001). Planned comparisons shows that bin had an effect for 
the distractor close to target condition (F(4,36)= 3.70; p<0.02) and that the saccades in the 
first bin deviated more towards the distractor than eye movements in the fifth bin (t(5)=5.40; 
p<0.05). For the close to fixation condition no effect of bin was discovered (F(4,36)= 1.98; 
p>0.10). 
For the initial direction, the main results were identical. Besides a similar main effect of 
condition (F(1,9)= 8.70; p<0.02), also an interaction between condition and bin was observed 
(F(4,36)= 5.57; p<0.002). The factor bin had an effect on the distractor close to target 
condition (F(4,36)= 3.42; p<0.02). In the condition in which distractors were presented close 
to fixation point, saccades were initiated away from the distractor (mean = -0.062 rad; 
standard error = 0.027 rad), whereas they were initiated towards the distractor when the 
distractor was presented close to the target (mean = 0.017 rad; standard error = 0.050 rad). 
Investigation of endpoint showed a reliable difference between the mean saccade endpoint 
and the target location for both conditions. The mean endpoint in the close to target 
condition landed in the direction of the distractor (t(9)=3.47; p<0.01; mean = 0.036 rad; 
standard error = 0.027 rad). Endpoints in the close to fixation condition landed in the 
quadrant contralateral to the distractor (t(9)=4.21; p<0.01; mean = -0.015 rad; standard error 
= 0.014 rad). 
In contrast to previous studies (McSorley et al., 2004; Sheliga et al., 1994), the current 
experiment shows that the exact spatial location of a distractor can have a distinct influence 
on saccade trajectories. Moreover, it shows that the distractor location can even evoke a 
difference in the direction of the saccade trajectory to a target location. If a distractor is 
presented close to fixation, saccade trajectories are directed away from the distractor while a 
distractor close to the target location results in saccades that are directed towards the 
distractor. This difference is further reflected in endpoint characteristics in that distractors 
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located close to the fixation causes saccades to end contralateral to the distractor location, 
while distractors close to the target location evoke the well-known global effect. In line with 
previous results (Ottes et al., 1985; Theeuwes & Godijn, 2004) our results confirm that the 
number of saccades that are directed towards the distractor is higher for fast saccades. This 
effect was only observed in the condition in which the distractor was positioned close to the 
target location (see, Ottes et al., 1985). 
 
 
 
Figure 2.2: The two measures of saccade trajectories represented for the five latency bins. Both graphs 
show that when a distractor is presented close to the target, saccade trajectories are directed towards 
the distractor for fast eye movements. On the other hand, saccades to a target when a distractor is 
presented close to fixation are directed away from the distractor. The saccade latency bins correspond 
to those in Table 2.1. 
 
The difference between the influence of the different distractor locations on saccade 
trajectories can be explained in terms of the vector theory (Tipper et al., 1997). In line with the 
findings for reaching behavior, distractors presented close to fixation are highly salient for the 
oculomotor system and therefore need to be inhibited to select the correct saccade location. 
Inhibition is also necessary for distractors positioned close the target location, but because 
target and distractor are positioned so close together, the peaks of the two elements will 
merge. Because fast eye movements are mainly executed on the basis of bottom-up 
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(exogenous) information (Van Zoest et al., 2004), these movements will be initiated in the 
direction of the merged peak. 
This account might also explain the difference between the present study and the McSorley 
et al. study (McSorley et al., 2004). In this study the target element was less salient since it 
was not presented with abrupt onset. In our experiment both target and distractor were 
presented with abrupt onset generating two peaks of activation in the saccade map (e.g. 
superior colliculus). In order for peaks to merge, two peaks of activity are necessary (Glimcher 
& Sparks, 1993; Van Opstal & Van Gisbergen, 1990). This might explain why in the McSorley 
et al.’s experimental set-up saccades were not directed towards the distractor location when 
placed close to the target. 
In summary, we found in contrast with previous research that object locations are not 
coarsely coded in the superior colliculus and that the exact spatial location can be reflected in 
saccade trajectories. 
  
Chapter Three  
The Spatial Coding of the Inhibition  
Evoked by Distractors 
 
 
 
 
 
Abstract 
 
It is generally agreed that saccade deviations away from a distractor location represent 
inhibition in the oculomotor system. By systematically manipulating the location of a distractor 
we tested whether the inhibition of the distractor is coded coarsely or fine-grained. Results 
showed that the location of a distractor had an effect on the saccade trajectories, suggesting 
that the amount of inhibition observed depends on the location of the distractor. More 
specifically, the vertical distance of the distractor from fixation seems to be a determining 
factor. These findings have important implications for models that account for inhibition in the 
target selection process and the areas that could underlie inhibitory influences on the superior 
colliculus (SC), like the frontal eye fields (FEF) and the dorsolateral prefrontal cortex (dlPFC). 
Finally, the initial direction and the endpoint of a saccade were found to be strongly 
correlated, which contradicts recent models proposing that the initial saccade direction and 
saccade endpoint are unrelated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., Meeter, M., & Theeuwes, J. (in press). The spatial coding of the inhibition 
evoked by distractors. Vision Research. 
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In order to explore our environment, we continuously make fast eye movements called 
saccades. The decision on the exact target location of an eye movement involves resolution of 
the competition between the different elements in the visual scene. The competition between 
possible saccade goals is assumed to be resolved on a common motor map located in the 
intermediate layers of superior colliculus (SC) (Schall, 1991; Sparks & Hartwich-Young, 1989). 
This mid-brain area receives both visual (bottom-up) and task related (top-down) signals and 
integrates those signals on a motor map. Bottom-up visually evoked signals reach the SC from 
posterior cortical areas. For instance, cortical area V1 has fast projections to the intermediate 
layers of the SC (Schiller et al., 1979). Top-down task related signals origin from areas in the 
frontal lobe, such as the dorsolateral prefrontal cortex (dlPFC) and the frontal eye fields (FEF). 
Responses in the dlPFC and the FEF are known to be responsive to task demands (Bichot & 
Schall, 2002; Pierrot-Deseilligny et al., 2004; Pierrot-Deseilligny et al., 2005) and both project 
to the SC (Goldman & Nauta, 1976; Graybiel & Ragsdale, 1979; Huerta et al., 1986; Yeterian 
& Pandya, 1991).  
It is thought that these top-down signals may involve both the activation of the appropriate 
target location and/or the inhibition of irrelevant ‘distractor’ locations (Godijn & Theeuwes, 
2002b; Tipper et al., 1997). Influence of the dlPFC seems to be primarily inhibitory (Lynch & 
Tian, 2006), while the FEF seems to select one location as the target by activating 
corresponding neural populations and by inhibiting neurons corresponding to distractor 
locations (Schlag-Rey et al., 1992). 
A number of recent studies have addressed the spatial coding of inhibition (McSorley et al., 
2004, 2005; Van der Stigchel & Theeuwes, 2005b). These studies used saccade trajectory 
deviations as a measure to investigate the spatial coding of inhibition. Indeed, saccade 
trajectory deviations are assumed to reflect the competition between the different possible 
target locations in the SC (Godijn & Theeuwes, 2002b; McPeek et al., 2003; McSorley et al., 
2004; Trappenberg et al., 2001) (for a recent review see, Van der Stigchel et al., 2006). More 
specifically, saccades that deviate away from a location typically have been attributed to 
inhibitory processes (Godijn & Theeuwes, 2002b; McSorley et al., 2004; Sheliga et al., 1994; 
Tipper et al., 1997; Van der Stigchel et al., 2006). Inhibition of a location causes the weighted 
eye movement vector to be shifted away from the inhibited location, leading to deviation 
away from that location. The amount of deviation away from a location is assumed to be a 
reflection of the amount of inhibition applied to that location: the stronger the inhibition, the 
greater the deviation away will be. For instance, in visual search experiments in humans, 
saccade trajectories have been found to deviate away from a distractor location (Godijn & 
Theeuwes, 2002b; Walker et al., 2006). However, this deviation away was stronger when the 
distractor was similar to the target compared to when they were dissimilar (Ludwig & Gilchrist, 
2003). When a distractor was similar to the target, the distractor evoked stronger competition 
(Ludwig & Gilchrist, 2002b) leading to stronger inhibition (Tipper et al., 1997). 
Because saccade trajectories represent the strength of inhibition, they constitute an 
important tool that allows the investigation of the spatial coding of the inhibitory signal. If the 
inhibitory signal is sensitive to the distractor location (‘fine grained’), there should be 
differences in saccade trajectories to a target for different spatial distractor locations. 
However, if the signal is not sensitive to the distractor location (‘coarse’), there should be no 
differences between the trajectories across different distractor locations. 
To investigate the spatial coding of distractor related inhibition, McSorley et al. (2004) 
systematically varied the distractor-to-target and distractor-to-fixation spatial separation. They 
found no clear relation between saccade deviations and the distractor location. Although 
distractors presented in the same hemifield as the target evoked more deviation away than 
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distractors in the opposite hemifield, finer-grained influences of the distractor location were 
not observed. On the basis of this finding, they concluded that distractor related inhibition is 
not highly spatially specific. This issue was further explored in a subsequent experiment with a 
small number of participants performing a large number of trials (McSorley et al., 2005). This 
set-up made it possible to examine individual differences in the spatial coding of the inhibition 
signal. Although for some subjects saccade deviation away did decrease with increasing 
distractor distance from the target, this effect was reversed for other observers. Similar to the 
previous study, they observed no modulatory effect of the distractor location on the saccade 
trajectory. Again, these results seemed to indicate that there is no general spatially specific 
distractor related inhibition. 
In contrast to McSorley et al. (2004, 2005), we recently showed that the location of a 
distractor can have a modulatory effect on the saccade trajectory (Van der Stigchel & 
Theeuwes, 2005b). Our paradigm had two possible distractor locations. One was positioned 
close the target and the other was located close to fixation. Results showed that saccade 
trajectories tended to deviate towards the distractor location when this distractor was 
presented close to the target, whereas trajectories deviated away from distractor when 
presented close to fixation. So, in contrary to findings of McSorley et al. (2004, 2005) we did 
observe differences in saccade trajectories for different distractor locations. Specifically, we 
showed that presenting a distractor close to the target resulted in a relative lack of inhibition. 
For these saccades, a ‘global effect’ was observed in that the saccade landed in between the 
target and distractor location (Coren & Hoenig, 1972; Findlay, 1982). Such an ‘averaging’ 
saccade indicates the relative absence of inhibition, because the competition between the 
target and the distractor is not resolved, resulting in a movement that is an average of the two 
movement vectors2.  
There are a number of possible ways to explain these differences in modulator inhibition 
effects. Contrary to the experiments of McSorley and colleagues (2004, 2005), in the study 
that did find a modulatory effect on saccade trajectories, participants knew the exact location 
of the upcoming target in advance (Van der Stigchel & Theeuwes, 2005b). The purpose of this 
manipulation was to make inhibitory mechanisms more pronounced in the target selection 
process. Recent studies have indicated that if the target location is known in advance, top-
down inhibitory processes are more pronounced (Van der Stigchel et al., 2006; Walker et al., 
2006), which might result in finer-grained inhibition. 
In addition in our study both target and distractor were presented with an abrupt onset 
(Van der Stigchel & Theeuwes, 2005b). This was not the case in the study of McSorley et al. 
(2004), in which only the distractor was presented with abrupt onset. This difference could 
account for their lack of a global effect for distractors presented close to the target location. 
Because the global effect has been attributed to the merging of two peaks in the SC 
(Glimcher & Sparks, 1993; Van Opstal & Van Gisbergen, 1990), it is possible that the global 
effect is only observed when target and distractor are presented simultaneously. 
Besides these differences in experimental set-up, it is possible that the findings of McSorley 
et al. (2004) and of Van der Stigchel and Theeuwes (2005b) are in fact consistent. It may be 
that Van der Stigchel and Theeuwes (2005b) showed that the location of a distractor 
modulates the mere presence of inhibition and not its strength, as for only one of the two 
distractors locations inhibitory components were present (as reflected by trajectory deviations 
away from the distractor location). In that case, their results did not give an answer about the 
                                                 
2 It should be noted that averaging saccades are no direct evidence for the complete lack of inhibition. It might 
be that the inhibition is present but overwhelmed by excitation, resulting in averaging saccades. 
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spatial nature of the inhibition evoked by distractors. The present study was designed to 
answer this question.  
In order to investigate the spatial coding of inhibition, the distractor was presented at one 
of six possible positions. All six locations were positioned outside the 20º zone in which 
averaging saccades are normally observed (Walker et al., 1997). As explained above, 
averaging saccades are caused by a relative absence of inhibitory components. Because our 
goal was to investigate inhibition, averaging saccades were not of interest in the current 
study. The target location was indicated in advance and both target and distractor were 
presented with abrupt onset. 
Three measures of saccade trajectories were used: initial direction, peak deviation, and 
saccade endpoint. By doing this, we were able to explore on what part of the saccade 
trajectory the influence of the distractor location might be observed. It also enabled us to 
investigate the recent claim that initial saccade direction and saccade endpoint are unrelated 
and controlled by separate mechanisms (McSorley et al., 2004; Quaia et al., 1998). These 
studies proposed that initial saccade direction is controlled by the SC, whereas the cerebellum 
corrects possible deviations from the target direction. If these two processes are indeed 
distinct, initial saccade direction and saccade endpoint should be unrelated. 
 
Method 
 
Participants: Twelve students of the Vrije Universiteit, aged between 18 and 35 years old, 
served as paid volunteers. Five participants were male. All reported having normal or 
corrected-to-normal vision and could discriminate the colors used in the experiment. They 
were naïve as to the purpose of the experiment. All persons gave their informed consent prior 
to their inclusion in the study. 
Apparatus: A Pentium IV computer with a processor speed of 2.3 GHz controlled the 
timing of the events and recorded response times. Displays were presented on an Iiyama 21’’ 
SVGA monitor with a resolution of 1024 x 768 pixels and an 85-Hz refresh rate. A second 
computer controlled the registration of eye movements’ data on-line. Eye movements were 
registered by means of a video-based eye tracker (SR Research Ltd, Canada). The Eyelink2 
system has a 500 Hz temporal resolution and a spatial resolution of 0.01°. The system used an 
infrared video-based tracking technology to compute the pupil center and pupil size of both 
eyes. An infrared head mounting tracking system tracked head motion. Both eyes were 
monitored, but only data from the left eye was analyzed. An eye movement was considered a 
saccade either when the movement velocity exceeded 35°/s or when the movement 
acceleration exceeded 9500°/s2. Although the system compensates for head movements, the 
participant’s head was stabilized using a chin rest. The distance between monitor and chin 
rest was 75 cm. Participants performed the experiment in a sound-attenuated and dimly lit 
room. 
Stimuli: See Figure 3.1 for an illustration of the display sequence. All figures were 
presented in light gray (CIE x,y chromaticity coordinates of .291/.314; 26.4 cd/m2) on a black 
background (0.0 cd/m2). Each trial started with the presentation of a ‘star’ character (0.27° x 
0.27°) in the center of the screen that functioned as the fixation stimulus. After 600 ms a line 
segment (0.14° x 0.83°) appeared directly above or below the fixation position (‘cue’). A delay 
of 800-1300 ms then occurred followed by the onset of the target (a light gray filled circle 
with a diameter of 0.56°). The target location was related to the direction of the cue: if the 
cue was positioned above fixation, the circle was presented 7.19° above the fixation point. If 
the cue was positioned below fixation, the circle was presented 7.19° below fixation point. 
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Simultaneously with the target onset, a light gray diamond shape distractor (0.83° x 0.83°) 
appeared. The distractor was always positioned on the same upper or lower hemifield as the 
target, either to the left or to the right from the target onset. For each target location, there 
were twelve possible distractor locations: six locations on the left side and six on the right. 
Distractor locations on the left had the same distance from fixation as the corresponding 
locations on the right. The six conditions are listed in Figure 3.2. For each site, the vertical 
distance of the ‘Close Vertical’ distractor locations was 2.78° from fixation and 4.42° from the 
target location. For the ‘Far Vertical’ distractor locations, the vertical distance was 5.56° from 
fixation and 1.64° from the target location. The horizontal distance from fixation was 4.17° 
(‘Close Horizontal’), 5.56° (‘Middle Horizontal’) or 6.94° (‘Far Horizontal’). The sequence of 
trials was randomized for each participant. 
 
600 ms 800 - 1300 ms  
 
Figure 3.1: Example of the display sequence. The central line segment indicated the target location. 
After a variable delay, the target (‘filled circle’) and the distractor (‘diamond shape’) were presented 
simultaneously and observers were required to make a fast eye movement to the target. 
 
Procedure and design: Participants first received oral instructions. They were instructed to 
fixate the center fixation point until target onset and to then move their eyes to the target 
location. It was stressed that one had to make a single accurate saccade towards the target 
element. The experiment consisted of a training session of 24 trials and an experimental 
session of 600 trials. Each session started with a nine-point grid calibration procedure. 
Participants were required to saccade towards nine fixation points sequentially appearing at 
random in a 3 x 3 grid. In addition, simultaneously fixating the center fixation point and 
pressing the space bar recalibrated the system by zeroing the offset of the measuring device 
at the start of each trial. Participants heard a short tone when the saccade latency was higher 
than 600 ms. Each target and distractor location were equally probable. The sequence of trials 
was counterbalanced and randomized for each participant. 
Data analysis: Saccade latency was defined as the interval between target onset and the 
initiation of a saccadic eye movement. If saccade latency was lower than 80 ms, higher than 
600 ms, or further than two and a half standard deviations away from the mean latency the 
trial was removed from the analysis. Moreover, trials were excluded from analysis in which no 
saccade or a too small first saccade (<3°) was made. If the endpoint of the first saccade had 
an angular deviation of more than 22.5° from the center of the target, the saccade was 
classified as an error and also not analyzed. Furthermore, the initial saccade starting position 
had to be within 1° from the center fixation point. 
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4.17º1.39º1.39º
1.64º
2.78º
2.78º
4.17º1.39º1.39º
1 2 3
4 5 6
fixation
target
      Distractor labels
1 = vertical far, horizontal far
2 = vertical far, horizontal middle
3 = vertical far, horizontal close
4 = vertical close, horizontal far
5 = vertical close, horizontal middle
6 = vertical close, horizontal close
0.90 rad 0.79 rad 0.64 rad
1.19 rad 1.11 rad 0.98 rad
 
 
Figure 3.2: The possible distractor positions. In this figure, the locations are only shown for the left 
side of fixation, but a distractor could also appear at mirrored locations on the right side of fixation. 
For each possible distractor location, the angle between the straight saccade and the location of the 
distractor is given in radians. 
 
To examine the influence of the different conditions on saccade trajectories, we used three 
different measures: peak deviation, saccade endpoint and initial direction. This enabled us to 
explore on what part of the saccade distractor location might have an influence: for the 
beginning of the trajectory (initial direction), the maximum deviation in between beginning 
and endpoint (peak deviation), or for the endpoint of the saccade (saccade endpoint) (for an 
overview of all different measures and how to compute them, see, Van der Stigchel et al., 
2006): 
 Initial direction was defined as the difference between the angle of the saccade 10 ms 
after saccade initiation and a straight line between the saccade starting position and the 
target location (e.g. Van der Stigchel & Theeuwes, 2005b; Van Gisbergen et al., 1987) 
 Peak deviation was defined as the largest perpendicular deviation from the straight line 
connecting the saccade starting position and saccade endpoint divided by the amplitude of 
the movement (e.g. Doyle & Walker, 2001, 2002; Smit & Van Gisbergen, 1990).  
 Saccade endpoint was defined as the angular difference between a straight line from the 
saccade starting position to saccade endpoint and a straight line from fixation to the target 
location (e.g. Frens et al., 1995; McSorley et al., 2004). 
 
Since it is known that natural directional biases exist in saccade trajectories (e.g. Erkelens & 
Sloot, 1995; Minken et al., 1993; Viviani et al., 1977), the effect of a distractor on saccade 
trajectories is often compared to a baseline condition in which no distractor is present. Even 
though using a baseline condition is appropriate, it should be noted that there are also 
potential problems when comparing a condition with a distractor to a baseline condition in 
which there is no distractor. For example, eye movements in the presence of distractors are 
different than those in the absence of distractors in terms of latency, amplitude, and speed 
(Walker et al., 1997). Our method uses the fact that distractor locations were mirrored to 
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cancel out any natural bias in trajectories. Our method for calculating deviation assumes that 
the influence of inhibition is similar for both visual fields: the same amount of inhibition is 
evoked by a distractor in the left visual field as a distractor in the right visual field. This seems 
to be a fair assumption because no studies have reported saccade deviation differences 
between the two visual fields. Moreover, in the study by McSorley et al (2004), a condition 
was included in which two distractors were presented simultaneously at mirrored locations. If 
inhibition were stronger in one field than in the other, net deviation one way or the other 
should have resulted in this condition. Instead, results showed that the trajectory was 
straightened by this manipulation. This finding indeed seems to indicate that similar influences 
can be found for both visual fields. 
To compute the effect of the different distractor locations on saccade trajectories, 
differences between the trajectories evoked by distractors on the left and the right visual field 
were analyzed. We initially measured deviations in absolute space coordinates related to a 
similar reference point and therefore unrelated to the actual distractor position. The deviations 
for left and right distractors were computed on an arbitrary left-right scale for upward 
movements, and right-left scale for downward movements. Mean absolute space deviations 
for left and right visual field distractors were subsequently subtracted so that positive and 
negative values refer to measurements towards and away of the distractor location, 
respectively. For instance, if the mean deviation for a distractor location in the left visual field 
was -1.00 rad (relative to a reference point to the left of fixation; i.e., the eye movements 
deviated 1 rad to the right in absolute space), while the mean deviation for a distractor 
location in the right visual field was -0.75 rad (i.e. 0.75 rad to the right in absolute space), this 
would result in a difference of -1 - (-.75) = -0.25 rad (a deviation away from the distractor 
location). For all measures, trials in which the outcome of that particular trajectory measure 
was two and a half standard deviations away from the mean outcome were removed from 
the analysis. 
 
Results 
 
The exclusion criteria led to a total loss of 11.4% of trials. Separate calculations were made 
for each distractor location (‘Far Vertical, Far Horizontal’, ‘Far Vertical, Middle Horizontal’, ‘Far 
Vertical, Close Horizontal’, ‘Close Vertical, Far Horizontal’, ‘Close Vertical, Middle Horizontal’ 
and ‘Close Vertical, Close Horizontal’) and saccade direction (‘upward’ or ‘downward’). 
Saccade latency: To determine whether the different conditions had an effect on saccade 
latency, an ANOVA with distractor location and saccade direction as factors was performed. 
There was only a main effect of direction (F(1,11) = 7.34; p<0.03). Saccades upwards were 
faster (201 ms) than saccades downwards (208 ms). Distractor location had no systematic 
effect on saccade latency (F(5,55) = 1.21; p>0.30). 
Peak deviation: An analysis of variance (ANOVA) on mean peak deviation with distractor 
location and saccade direction as factors showed a main effect of location (see Figure 3.3, 
F(5,55) = 2.91; p<0.03) and a significant interaction between distractor location and saccade 
direction (F(5,55) = 4.11; p<0.01). There was no main effect of direction (F(1,11) = 2.78; 
p>0.10).  
We then determined whether the effect of distractor location could be explained by the 
horizontal or vertical distance of the distractor from fixation. With respect to the vertical 
distance we compared the three close vertical locations with the three far vertical locations. 
With respect to the horizontal distance from fixation, we compared the two far horizontal, the 
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two middle horizontal and the two close horizontal locations. Neither factor had an effect 
(horizontal (F<1), vertical (F(1,11) = 3.27; p>0.05)). As can be seen in Figure 3.3 the main 
effect of location in the original analysis was mainly due to the condition in which the 
distractor was presented at the closest distance from the target location (‘Far Vertical, Close 
Horizontal’) and the condition in which the distractor was presented at the closest distance 
from fixation (‘Close Vertical, Close Horizontal’). Indeed, by Student Newman Keuls post hoc 
tests, these two locations were significantly different from each other (p<0.05), with no other 
contrast being significant. These effects were stronger in saccades that were directed upward 
than for saccades that were directed downwards. This is reflected by the observed interaction 
between location and direction. 
Saccade endpoint: An analysis of variance (ANOVA) on mean saccade endpoint with 
distractor location and saccade direction as factors showed a reliable effect of distractor 
location (see Figure 3.3, F(5,55) = 10.69; p<0.001), saccade direction (F(1,11) = 20.14; 
p<0.001) and a significant interaction between distractor location and saccade direction 
(F(5,55) = 4.02; p<0.01). Deviation was stronger for upward than for downward saccades. 
With respect to vertical and horizontal distance from fixation, we now found an effect for 
vertical distance (F(1,11) = 20.38; p<0.001), with deviation being larger for the lower 
distractor positions than for the upper distractor positions. There was no effect for horizontal 
distance (F(2,22) = 2.77; p>0.05). Post hoc SNK showed that distractors at the location closest 
to the target (‘Far Vertical, Close Horizontal’) caused less deviation than at all other locations 
(p < 0.05). Furthermore, deviation at a neighboring location (‘Far Vertical, Middle Horizontal’) 
was also smaller than at all locations except one (‘Far Vertical, Far Horizontal’; p<0.05). 
Initial direction: For initial direction, there was again a main effect of distractor location (see 
Figure 3.3, F(5,55) = 2.88; p<0.03). Both the main effect of saccade direction and the 
interaction between distractor location and saccade direction were not reliable (F<1). We then 
investigated whether horizontal or vertical distance from fixation could account for the effect 
of distractor location. Again, only vertical distance from fixation showed an effect (F(1,11) = 
13.07; p<0.01): deviation was larger for the three lower positions than for the three higher 
positions. There was no effect for horizontal distance (F(2,22) = 2.57; p>0.05). Post hoc SNK 
confirmed that deviation for the location closest to the target (‘Far Vertical, Close Horizontal’) 
was again significantly smaller than for the other locations (p<0.05). Furthermore, in one 
other location (‘Close Vertical, Close Horizontal’) distractors caused significantly more 
deviation away than in all locations except two (‘Close Vertical, Far Horizontal’, ‘Close Vertical, 
Middle Horizontal’; p<0.05). 
Relation between initial and saccade endpoint: Figure 3.4 shows the development of 
deviation across the whole saccade trajectory. For each condition, the mean difference for 
each sample point was computed between trajectories observed for left visual field distractors 
and right visual field distractors. Every saccade trajectory was stretched in such a way that 
every trajectory consisted of 100 sample points. It can easily be seen from Figure 3.4 that the 
initial and saccade endpoint of the saccade trajectory are positively related, in that the more 
negative the initial deviation of a trajectory is, the more negative the saccade endpoint is.  
To quantify the relation between the initial and saccade endpoint, we calculated for each 
participant the mean correlation between these two trajectory measures for the different 
distractor locations. To assure that the correlation value was not influenced by whether a 
saccade deviated away or towards a distractor, correlations were computed with deviations 
irrespectively of their direction (away or toward). 
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Figure 3.3: Results of the six distractor locations for all three measures of saccade deviations. The 
graphical representations on x-axis refer to the distractor locations as described in Figure 3.2. Negative 
values refer to deviations away. See text for further details. 
 
It was computed whether the mean correlations were significantly different from zero. 
Analyses showed that all mean correlation values were significantly different from zero 
(‘Vertical Far, Horizontal Far’: t(11)=7.87; p<0.001; ‘Vertical Far, Horizontal Middle’: t(11) = 
9.27; p<0.001; ‘Vertical Far, Horizontal Close’: t(11)=8.17; p<0.001; ‘Vertical Close, 
Horizontal Far’; t(11) = 9.30; p<0.001; ‘Vertical Close, Horizontal Middle; t(11)=6.45; 
p<0.001; ‘Vertical Close, Horizontal Close’; t(11)=6.97; p<0.001). There were no statistical 
differences between the six conditions (F(5,55) < 1; p>0.9). All mean six correlations were 
positive and their value varied between 0.52 and 0.56. Figure 3.5 shows a scatter plot of all 
saccades. 
Discussion 
 
By manipulating the location of a distractor and measuring the trajectory deviations away 
from this location, we systematically investigated the spatial coding of the inhibition of 
distractor locations. We were able to determine whether the evoked inhibition is indeed 
coarsely coded and not sensitive to the distractor location, as has been found in earlier studies 
(McSorley et al., 2004, 2005). Both target and distractors were presented with abrupt onset to 
evoke a large competition between the two elements. Furthermore, the location of the target 
was known in advance to allow inhibitory mechanisms time to develop. 
Results showed differences in saccade trajectories between the various distractor locations 
in that for some locations saccade deviations away were stronger than for other locations. 
Because it is widely assumed that trajectory deviations away are a reflection of inhibition 
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(Doyle & Walker, 2001; Godijn & Theeuwes, 2002b; Sheliga et al., 1994; Tipper et al., 1997; 
Van der Stigchel et al., 2006), we conclude that the distractor location has a modulatory 
effect on the amount of inhibition evoked by the distractor. These findings were replicated for 
all three measurements of the saccade trajectory (initial direction, saccade endpoint and peak 
deviation). 
 
 
 
Figure 3.4: The development of deviation across the whole saccade trajectory for the six distractor 
positions. Saccades are normalized so that the endpoint is always equal to 100. X-axis and Y-axis are 
not on the same scale. 
 
Because three different measures were used, it was possible to investigate which part of 
the trajectory was affected by distractor location. As noted before, all measures showed a 
modulatory effect of distractor location. For two of our measures, saccade endpoint and initial 
direction, the observed differences in the evoked inhibition were best explained by the vertical 
distance of the distractor from fixation. For peak deviation, there was no clear factor that 
could explain the observed differences. However, it should be noted that two locations 
showed significantly different responses on the mean peak deviation. Again, these two 
locations only differed in terms of their vertical distance from fixation. Therefore, we conclude 
that vertical distance of the distractor from fixation is the most important factor that 
influences the evoked inhibition for all parts of the trajectory, with locations vertically closer to 
fixation causing more inhibition than locations further away from fixation. It is possible that 
this is only true for vertical saccades, as these were the only ones tested.  
Differences in the amount of movement trajectory are generally explained by models of 
movement trajectory deviations that state that possible target objects are represented by a 
large population of neurons encoding the movement towards each target object as a vector 
(Tipper et al., 2000; Tipper et al., 1997). When two possible targets are positioned in close 
proximity, the populations corresponding to these targets are combined to a mean population 
of which the vector will point to an intermediate location. Since participants are instructed to 
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move their eyes to only one location, competition between the two active populations has to 
be resolved by inhibiting one of them. Because saccades are executed on the basis of this 
initial vector, inhibitory selection of one population over the other may shift the resulting 
movement vector in such a way that it affects the final response to the target.  
 
 
 
Figure 3.5: Scatter plot of all saccades for their initial direction and saccade endpoint. 
 
One possible explanation for the observed findings might be that the saliency of a 
distractor for the oculomotor system is based on the decomposed distractor vector. Every 
distractor vector can be decomposed in a vertical and a horizontal component. On the basis of 
the present findings, we hypothesize that the distractor saliency is determined by the vertical 
component of the corresponding vector. More specifically, it seems to be that distractors with 
a small vertical distance from fixation have a higher saliency for the oculomotor system than 
distractors with a large vertical distance. They evoke more competition and inhibitory 
components are therefore more potent to resolve this competition. The present findings are 
reminiscent of a hand centered reaching effect which shows larger deviations for distractor 
presented near the hand (Tipper et al., 1997). 
A second contributing factor which might play a role is the global effect (Coren & Hoenig, 
1972; Findlay, 1982). Although we presented all distractors outside the zone in which this 
effect is generally observed, mean saccade endpoint might still have been affected by a subset 
of global effect trials. If true, this should hold for the distractors with a large vertical distance 
from fixation. Indeed, saccade endpoint in these conditions did not deviate away from the 
distractor. Therefore, a second explanation for the present findings is that distractors with a 
small vertical distance from the target are more subject to averaging saccades, resulting in less 
deviation away3. 
                                                 
3 We also investigated directly whether distance from fixation or distance from target could account for the 
inhibition differences. We used the average deviation in each of the six positions as input to a regression 
analysis. None of the two factors explained the deviation for all three measures (β < ±0.80). 
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Our findings have important implications for models that include inhibitory components in 
the target selection process (Godijn & Theeuwes, 2002b; McSorley et al., 2004; Tipper et al., 
1997; Trappenberg et al., 2001) and with respect to the influence of the areas that could 
underlie inhibitory influences on the SC, the FEF and the dlPFC (Lynch & Tian, 2006; Schlag-
Rey et al., 1992). The present results indicate that the distractor related inhibition is not 
coarse, but modulated by the precise distractor location. 
The role of the SC in saccade trajectories was revealed by McPeek and colleagues (2003), 
who showed that when a trajectory deviated towards a distractor location in a visual search 
experiment, there was increased pre-saccadic activity at that location. Also, micro-stimulation 
of the SC below the threshold for saccade generation resulted in eye movements that 
deviated towards the stimulated location. The magnitude of this deviation was correlated with 
the induced activity at the stimulated location. 
Saccade deviations away have been observed only in humans. In visual search experiments 
in monkeys, saccade trajectories to a target location have been shown to only deviate towards 
a distractor (McPeek & Keller, 2001; Port & Wurtz, 2003). Deviations away have been shown 
in monkeys after deactivating of a location by an injection of a GABA agonist, muscimol 
(Aizawa & Wurtz, 1998), but not without pharmalogical deactivation. One possible 
explanation for this difference between humans and monkeys might be the different 
paradigms adopted. In a recent review of the literature, we have suggested that deviation 
away is observed in situations in which top-down preparation can influence the target 
selection process (Van der Stigchel et al., 2006). Studies that have looked at saccade 
trajectories in monkeys have done this in visual search paradigms, in which the precise 
location of the upcoming target is unknown. Previous studies in humans have shown that 
when observers know where to expect the target and have the time to prepare for the 
saccade, distractors will result in deviation away. However, if observers either do not have the 
knowledge or the time to prepare for the saccade, distractors will elicit deviation towards (Van 
der Stigchel et al., 2006; Walker et al., 2006). These findings suggest that deviations away 
might be seen in monkeys in paradigms where top-down preparation can influence the target 
selection process. 
In the present study, there was a main effect of the distractor location for all measures, 
including the saccade endpoint and the initial direction. This suggests that the initial direction 
and the endpoint of a saccade are related, and contradicts recent models proposing that the 
initial saccade direction and saccade endpoint are unrelated and controlled by separate 
mechanisms (McSorley et al., 2004; Quaia et al., 1998). In these models, initial saccade 
direction is controlled by the SC, while the cerebellum corrects possible deviations from the 
target direction. The cerebellum monitors saccade progress and compensates for directional 
errors by adjusting the motor signal. So, when the initial direction of the saccade is 
programmed to a location that is not the target location, on-line cerebellum feedback takes 
care of the saccade the correct landing position. In the present study this hypothesis was 
tested by quantifying the relation between the initial direction and saccade endpoint. Indeed, 
the two measures were strongly correlated. Although in principle it is still possible that the 
initial direction and saccade endpoint is controlled by different mechanisms, the current 
findings suggest that any influence on the initial deviation is also reflected in the saccade 
endpoint.
  
Chapter Four  
The Influence of Attending to Multiple  
Locations on Eye Movements 
 
 
 
 
 
Abstract 
 
The present paper reports results of a dual task study in which two locations were 
endogenously cued as possible target locations, while only one eye movement had to be 
executed. During the cue period, letters were briefly presented at the saccade goals and at 
no-saccade goals. Results show that performance was better for letters presented at any of 
the saccade goals than for letters presented at the no-saccade locations. Furthermore 
saccades deviated away from the non-saccaded target location, suggesting inhibition of the 
location to which the eyes should not go. The results indicate that the premotor theory also 
holds for conditions in which attention is allocated to multiple locations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., & Theeuwes, J. (2005). The influence of attending to multiple locations 
on eye movements. Vision Research, 45(15), 1921-1927. 
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Saccades are crucial for processing visual information. Over the last few decades there has 
been a great advancement in our understanding of the processes that control saccades and 
the underlying neural circuitry (for an overview see Findlay & Walker, 1999; Schall, 1995). It is 
generally assumed that attention plays a crucial role in the planning, programming and 
execution of saccades. Most recent findings suggest that covert spatial attention precedes the 
eye to the saccade goal (e.g. Deubel & Schneider, 1996; Godijn & Pratt, 2002; Hoffman & 
Subramaniam, 1995a; Irwin & Gordon, 1998; Kowler et al., 1995; Shepherd et al., 1986); but 
see (Klein, 1980; Remington, 1980; Stelmach et al., 1997). Along these lines the premotor 
theory of attention has argued for a very strong link between attention and eye movements 
(Rizzolatti et al., 1987; Rizzolatti et al., 1994; Sheliga et al., 1997; Sheliga et al., 1994). 
According to this theory the mechanisms involved in the programming of saccades are 
basically the same as those involved in spatial attention. It is argued that there is only one 
mechanism for active interaction with the environment which directs attention and action 
towards a target goal. According to this viewpoint, visual attention follows motor 
programming, and attention is a by-product of the action of the oculomotor system. 
Evidence for this theory was provided by studies looking at saccade trajectories. It is known 
since von Helmholtz (1909) that the paths of saccadic eye movements are curved and do not 
take the shortest route from fixation to a target (see also Dodge, 1917; Yarbus, 1967). Recent 
studies have revealed that the deviation (or ‘curvature’) of a saccade is a measure for 
identifying the influence of cognitive processes on oculomotor behavior. For instance, it has 
been shown that the eyes deviate away from an irrelevant distractor presented simultaneously 
with the target (Doyle & Walker, 2001). Furthermore, this deviation away from the distractor 
is related to its saliency because target-distractor similarity modulates the amount of deviation 
(Ludwig & Gilchrist, 2003). This shows that the more inhibition has to be applied to the 
distractor location the stronger the eye curves away from this location. This finding makes 
saccade deviations a way to determine inhibition differences between conditions. 
Consistent with the premotor theory is the notion that the deviation of saccade 
trajectory away from the distractor location is the result of the inhibition of a saccade 
programmed towards that location (Sheliga et al., 1994; Tipper et al., 2001). In the case of a 
target and a distractor, two eye movements are programmed in parallel to different locations 
which causes both programs to compete within the same system. Both saccade programs are 
coded by different populations of neurons, but these populations may overlap, especially in 
case the target and distractor locations are close. In order to successfully initiate a saccade to 
the target, the irrelevant saccade program should be cancelled. This process silences the 
neurons involved in the coding of the distractor location, but it also affects the overlapping 
neurons involved in the programming of the target location. This then results in a changed 
saccade deviation when compared to a normal saccade trajectory. 
Generally, deviations of saccade trajectories are attributed to competitive interactions of 
activity within a saccade map (Godijn & Theeuwes, 2002b; McSorley et al., 2004). It is typically 
assumed that the intermediate layers of the superior colliculus (SC) is the neurophysiological 
correlate of this saccade map because it is the location where the final programming of the 
saccades is accomplished (Dorris et al., 1997; Schall, 1991; Sparks & Hartwich-Young, 1989). 
Many areas related to oculomotor programming project to this midbrain structure such as the 
frontal eye fields, the supplementary eye fields and the posterior parietal cortex (Munoz, 
2002). The SC computes the size and direction of desired saccades and sends appropriate 
command signals to the burst generators (Munoz & Wurtz, 1993). 
Strong support for the premotor theory comes from studies of Sheliga and colleagues in 
which they examined whether directing attention to a spatial location influences the trajectory 
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of a predetermined saccade (Sheliga et al., 1997; Sheliga et al., 1995a; Sheliga et al., 1994, 
1995b). The results showed that saccades curved away from the location to which attention 
was endogenously directed which indicates that spatial attention leads to activation within the 
oculomotor system. Functional neuro-imaging studies have provided further evidence for the 
close link between attention and eye movements by showing that the processes involved in 
covert shifts of attention and oculomotor processes share the same common functional areas 
in the human brain (Corbetta, 1998; Corbetta et al., 1998). 
Here we report results of a dual task study in which the influence of spatial attention on 
eye movements was further examined by adopting a somewhat different approach. Previous 
studies have focused on the influence on the oculomotor system when attention was 
allocated to a single location in space. In line with the general notion that spatial attention 
should be considered to be a unitary small spotlight, it was assumed that attention could only 
be allocated to one location in space (Eriksen & Yeh, 1985; Posner, 1980). This single location 
represented the ‘spatial code’ for the saccade endpoint. However recent evidence suggests 
that attention can be allocated to multiple locations (Awh & Pashler, 2000; Castiello & Umilta, 
1992; Kramer & Hahn, 1995; McMains & Somers, 2004). From a theoretical point of view, it is 
therefore important to address whether the premotor theory still holds for situations in which 
attention is allocated to two different locations in space instead of one. 
Results of recent experiments by Godijn and Theeuwes (2003) examining the allocation of 
attention just before the execution of fast saccade sequences, revealed that attention was not 
only allocated to the location of the first saccade in the sequence but was allocated to all 
locations that were part of the saccade sequence. In order to investigate the influence of the 
allocation of attention to multiple locations on eye movements, the experimental paradigm 
employed here was very similar to that of Godijn and Theeuwes (2003) In the present 
experiment, participants did not execute a saccade sequence, but only executed one of two 
possible saccades. The allocation of attention was examined using a dual-task with a primary 
saccade task and a secondary forced-choice letter identification task. Two locations were cued 
as being possible target locations. After the cue period, participants executed an eye 
movement to one of the two cued locations. During the cue period, letters were presented at 
the saccade goals and at no-saccade locations. The letters were removed before the eyes 
started moving to the saccade goal. After executing the eye movement, participants 
performed a forced-choice letter identification task in which they were required to indicate 
which of the two letters had been present. See Figure 4.1 for an illustration of the display 
sequence. In order to determine the allocation of attention prior to the saccade execution the 
performance on the identification task was examined as a function of the location of the 
target letter. A non-speeded secondary task was used in order to avoid response interference, 
which may occur when two speeded responses have to be prepared. Another important 
aspect of the present task was that participants were instructed to give priority to the saccade 
task and to execute the single saccade as quickly as possible. 
 
Method 
 
Participants: Nine observers, aged between 18 and 28 years old, served as paid volunteers. 
Six of the participants were male. All reported having normal or corrected-to-normal vision 
and were able to discriminate the colors used in the experiment. They were naïve as to the 
purpose of the experiment. The experiment was undertaken with the understanding and 
written consent of each subject. One participant was removed from statistical analysis, since 
he could not perform the task at hand (mean error percentage of 54%). 
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Figure 4.1: Sequence of frames on a given trial in Experiment 1. After 500 ms four circles appeared 
around the central fixation point. After an interval of 750 ms, two central arrows were presented and 
premasks were replaced by letters. After 750 ms, the letters were masked again and one of these 
arrows disappeared. Participants were to make an eye movement to the location indicated by the 
remaining arrow. Participants were required to indicate which letter was presented on the screen by 
discriminating between two letters. 
 
Apparatus: A Pentium II computer with a processor speed of 450 MHz controlled the 
timing of the events and recorded response times. Displays were presented on a Philips 21’’ 
SVGA monitor with a resolution of 1024 x 768 pixels and an 85-Hz refresh rate. A second 
computer controlled the registration of eye movements’ data on-line. Eye movements were 
registered by means of a video-based eye tracker (Eyelink SensoMotoric Instruments GmbH, 
Teltow, Germany). The Eyelink system has a 250 Hz temporal resolution and a spatial 
resolution of 0.2°. Only data from the left eye was analyzed. An eye movement was 
considered a saccade either when the movement velocity exceeded 35°/s or when the 
movement acceleration exceeded 9500°/s2. Although the system compensates for head 
movements, the participant’s head was stabilized using a chin rest. The distance between 
monitor and chin rest was 75 cm. Participants were submitted to the experiment in a sound-
attenuated and dimly lit room. 
Stimuli: Each trial started with the presentation of a ‘star’ character (0.38° x 0.38°) in the 
center of the screen for 500 ms. The fixation point was presented in light gray (CIE x,y 
chromaticity coordinates of .291/.314; 26.4 cd/m2) on a black background (0.0 cd/m2). 
Around this central fixation point, four equidistant elements positioned on an imaginary circle 
of radius 7.07° were then presented. Elements were green (CIE x,y chromaticity coordinates of 
0.299/0.600) outlined circles subtending 2.29° by 2.29°, and indicated the possible target 
locations. Pattern masks were presented within each of the elements (1.60° x 1.45°) and were 
of the same color as the fixation point. After 750 ms the center fixation point changed into a 
‘plus’ character. At the same time, two light gray central arrows appeared, both pointing to 
one of the two possible target locations. Simultaneously with this change, letter characters 
replaced the pattern mask within each element. Letters characters had the same size as the 
pattern masks. Color of the letters was the same as the fixation point and pattern masks. Four 
letters were randomly sampled without replacement from the set of characters A, B, E, F, G, 
H, L, and S. The letters were of a sufficient size to identify them without foveating. After 750 
ms the letters were removed with a post-mask. At this moment, also one of the two arrows 
disappeared. The display then remained visible for 1 s. At the end of each trial, two letters 
were presented to the participant. One of the letters was present at one of the four locations 
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during the trial; the other letter was randomly taken from the set of letter characters that 
were not presented. The position of the previously shown letter was alternated at random. 
Participants were required to indicate which letter (the one on the left or the right) was 
present before the execution of the saccade. By pressing the ‘z’ key they expressed their belief 
the left letter had been present, by pressing the ‘/’ key they expressed their belief the right 
letter had been present. The display remained visible until a response was made. 
Procedure and design: Participants received written and oral instructions before starting the 
experiment. They were instructed to fixate the center fixation point until one of the arrows 
was witched off. Participants were told to move their eyes to the element the arrow was 
pointing to. It was stressed that one had to make a single accurate saccade towards this 
element. Participants heard a short warning tone with a pitch of 300 HZ and duration of 200 
ms when the saccade latency was higher than 600 ms. The experiment consisted of a training 
session of 96 trials and an experimental session of 264 trials. Each session started with a nine-
point grid calibration procedure. Participants were required to saccade towards nine fixation 
points sequentially appearing at random in a 3 x 3 grid. In addition, simultaneously fixating 
the center fixation point and pressing the space bar recalibrated the system at the start of 
each trial. Feedback about the participant’s performance on the identification of shown letters 
was given every 24 trials.  
Data analysis: Saccadic response times below 80 ms were considered too fast. Trials on 
which the time between offset of the letters and fixation of the eyes on a single target 
element was below 80 ms were therefore removed from analysis. If the duration between 
offset of the letters and fixation of the eyes exceeded 600 ms, the trial was removed as well. 
Moreover, trials were excluded from further analysis in which no saccades, small saccades 
(<2°) or large saccades (>12°) were made. 
To determine the landing position of the initial saccade the angular deviation from a linear 
path between the center fixation point and the center of an element on the imaginary circle 
was calculated. The initial saccade was assigned to a particular element if the endpoint of this 
saccade had an angular deviation of less than 30° from the center of the element. The 
saccade was then classified as landed on a target element, on a non-target element, or in 
between elements. Trials on which the initial saccade was not directed towards one of the 
target elements were not analyzed further. 
We used two different methods of calculating saccade trajectories (for a detailed 
examination of different measures of saccade trajectories, see Ludwig & Gilchrist, 2002a). As 
the first method, we calculated the mean angle of the actual saccade path relative to the 
angle of a straight line between the starting point of the saccade and the saccade target. The 
mean angle of the actual saccade path was calculated by averaging the angles of the straight 
lines between the fixation point and the different sample points (Godijn & Theeuwes, 2002a, 
2002b; Theeuwes et al., 2005). See Figure 4.2 for an illustration of deviation calculation. 
As a second measure of saccade deviation we computed the trajectory’s maximum 
deviation from a straight line from saccade start to end. 
As the baseline condition for the measurement of saccade deviations, trials in which the 
target locations were separated 180º were used. The target locations could either be close 
(separation between targets of 90°) or remote from each other (separation between targets of 
180°). Because the remote trials were spatially ‘neutral’, no influence on saccade deviation in 
these trials was expected. 
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Figure 4.2: Illustration of the computational procedure of the saccade deviation. “F” represents 
fixation, “T” the target. For each sample point of the actual saccade (indicated by the curved line), the 
angle of the straight line between the start point of the saccade and the current sample point was 
measured and averaged across the whole saccade. The mean angular deviation was then subtracted by 
the angle of a straight line from fixation to target. 
 
The angular deviation was determined for each participant by calculating the difference 
between the mean angular deviation on trials in which the target locations were close to each 
other (experimental condition) and the mean angular deviation on trials in which the target 
locations were remote (baseline condition). Saccades with an angular deviation 2.5 times the 
standard deviation away from the mean angular deviation were excluded from the analysis.  
The prerequisites made on saccade response time, saccade amplitude, saccade deviation 
and saccade classification let to the average loss of 28.6% of trials. Of the trials in which a 
saccade was not directed towards the target element (13.9%), 65.3% of these saccades were 
directed towards the non-saccaded target letter. 
Letter characters that had to be identified at the end of each trial as presented in one of 
the elements were classified corresponding to the response made. If the to-be-identified 
character was the saccaded target element, the letter was classified as a saccaded target 
letter. If the to-be-identified character was one of the other (non-saccaded) target elements, 
the letter was classified as a non-saccaded target letter. Otherwise, the character was 
classified as a non-target letter. The proportion correct classification for saccaded target 
letters, non-saccaded target letters and non-target letters served a measure of visual attention. 
 
Results 
 
Proportion correct: Mean proportion correct is presented in Table 4.1. An analysis of 
variance (ANOVA) on proportion correct with the classification of the to-be-identified letter 
characters (saccaded target letters, non-saccaded target letters or non-target letters) as factor 
showed a significant main effect, F(2,7) = 15.30, p < .001. Planned pair-wise comparisons 
revealed significant differences between both the saccaded and the non-saccaded target 
letters with the non-target letters, p < .02. The difference between the non-saccaded target 
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and the saccaded target letters reached significance t(7) = 2.48, p < .05. The identification of 
non-target letters was performed at chance level, t(7) = 1.70, p > .10.  
A second test was performed in order to determine if the relative position between the 
target locations interfered with performance on letter identification. No difference was found 
between performance on trials when the arrows were close and when they were remote, t(7) 
= 0.63, p > .50.  
 
Letter character identification 
 
Position targets Mean 
 Close Remote 
 
 
Saccaded target letter .76 .84 .79 
Non-saccaded target letter .71 .75 .72 
Non-target letters .55 .54 .55 
 
Table 4.1: Mean proportion correct on the letter character identification task for the close and remote 
position targets and across both conditions. 
 
Oculomotor behavior: Saccade latency was defined as the interval between stimulus display 
onset and the initiation of a saccadic eye movement. It was determined whether the relative 
position between the two target elements had an effect on saccade latency. There was no 
significant difference between saccade latency in the close and remote target conditions (248 
ms and 252 ms respectively, t(7) = 1.30, p > .20). 
Trajectories of saccades to the target: Figure 4.3 presents the mean saccade trajectories for 
the remote and close target conditions. Positive and negative deviations refer to deviations 
towards and away from the non-saccaded target location, respectively. The first method 
revealed an overall mean of -0.037 rad (standard error: 0.012 rad) which was significantly 
different than a mean angular deviation of zero (which is the case if there is no difference 
between the experimental and the baseline condition), t(7)= 3.13, p < .02. Furthermore, using 
the second method, the difference between the mean maximal deviation of the baseline and 
the experimental condition was significantly different from zero (mean = -0.041 rad, standard 
error = 0.017 rad, t(7)= 2.41, p <.05). 
The mean endpoint of the saccades in the experimental condition was positioned away 
from the non-saccaded target location. This was computed by computing the angle between 
saccade start and saccade endpoint (mean = -0.030 rad, standard error = 0.009 rad, t(7)= 
3.24, p<0.02).    
General Discussion 
 
The main finding of the current experiment is that in a situation in which two locations are 
cued as possible target locations, saccades to one of these locations deviate away from the 
other cued location. Letters displayed at both these cued locations were better recognized 
then letters displayed at the uncued locations, for which performance on the letter 
identification task was at chance level. This indicates that attention was allocated to both 
possible target locations during the cue period and that this allocation had an influence on the 
oculomotor program. This influence is the result of the inhibition of the saccade program to 
the location to which the eyes should not go (the irrelevant target location). This is in line with 
the results of Sheliga et al. (Sheliga et al., 1997; Sheliga et al., 1995a; Sheliga et al., 1994, 
1995b). 
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Figure 4.3: Eye movement trajectories of the two conditions averaged over all observers (all collapsed 
and normalized for a non-saccaded target location on the left site. “F” represents fixation (start point 
of the saccade) and “T” the target location. The target circle is indicated by the dashed circle. 
 
The present study shows that when attention is allocated to two locations, a subsequent 
saccade deviates away from the location to which the eyes did not go. The results are 
consistent and extend the premotor theory indicating that attentional allocation to multiple 
locations may result in saccade deviation away from either one of these locations. A crucial 
point is that this not only holds for exogenous attentional allocation but also for conditions in 
which attention is allocated in an endogenous way. 
The premotor theory claims that attentional allocation to a location in space is a by-product 
of programming an eye movement to that location. In the present experiment attention was 
allocated to both cued locations which may, according to a strict version of the premotor 
theory, imply that two eye movements were (at least partially) programmed to these locations. 
The fact that 65% of the erroneous saccades that were not directed towards the target 
element were executed towards the non-saccaded target element and not to any of the other 
locations, seems to indicate that participants were indeed programming eye movements 
during the cue period. In these trials, the competition between the two eye movements 
programs was won by the irrelevant program, even though the cue correctly indicated the 
appropriate target location (see, Godijn & Theeuwes, 2002b). 
The saccade trajectory deviations reported in the present study are in line with an inhibition 
account which claims that deviation of the saccade trajectory away from a location is the 
result of the inhibition of a saccade programmed towards that location (Sheliga et al., 1994; 
Tipper et al., 2001). Because observers did not know to which location they had to make a 
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saccade, it is plausible to assume that inhibition was applied just before the final saccade was 
executed. 
With the respect to the neurophysiological correlate, single cell recordings suggest that 
saccade deviation either towards or away is a reflection of activity in the SC. For example, 
McPeek et al. (2003) recorded responses of single cells in the SC and found curvature towards 
a particular location. They showed that this curvature was associated with increased activity of 
neurons encoding the distractor location just before a saccade was made. The magnitude of 
the curvature was correlated with the level of distractor related activity. In addition, McPeek et 
al (2003) showed that micro-stimulation of the SC produced a curvature towards the 
stimulated location. The amount of curvature was correlated with the amount of increased 
activity. Note that curvature away also has been reported. For example, when a location is 
deactivated by a localized injection of a neural agonist, muscimol, the eyes curve away from 
this location (Aizawa & Wurtz, 1998). The conclusion to be made is that it is plausible to 
assume that finding a modified deviation implies that there is activity (excitation or inhibition) 
in the SC.  
The current observation of saccade deviations away from the location to which an 
endogenous saccade has been prepared (but not executed) suggests that the endogenously 
coded saccade endpoint indeed reaches the motor system, that is, the SC. This indicates that 
endogenous attentional processing may result in activity in the SC (see also Kustov & 
Robinson, 1996). In line with recent suggestions by Krauzlis and colleagues (Krauzlis & Carello, 
2003; Krauzlis et al., 2004), our data suggests that the role of SC is not restricted to the 
motor control of saccades but instead may represent attentional target selection and may play 
a role in the endogenous control of spatial attention. This observation is important because it 
reveals the interaction between the attentional and oculomotor system. Typically, it is 
assumed that the fronto-parietal network plays a role in spatial attention. Neural activity 
throughout the ventral and dorsal streams is modulated through attentional allocation (e.g., 
Moran & Desimone, 1985; Motter, 1993). It is important to note that there is increased 
activity in parietal and frontal areas for directed attention in the presence and in the absence 
of visual stimuli (e.g., Kanwisher & Wojciulik, 2000). This suggests that the frontal and parietal 
activations reflect attentional operations per se and not necessarily reflect attentional 
modulation in response to visual stimuli. Thus, endogenous, top-down cueing as employed in 
our study should enhance activity in the fronto-parietal attentional system. 
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Chapter Five 
Top Down Influences Make Saccades Deviate  
Away: the Case of Endogenous Cues 
 
 
 
 
 
Abstract 
 
We tested a recent hypothesis suggesting that the eye deviates away from a location when 
top-down preparation can influence target selection. Participants had to make an eye 
movement to a peripheral target. Before the upcoming target, a central cue indicated the 
likely target location. Results show that when the target was presented at a location different 
from that indicated by the cue, eye movements to the target deviated away from the cued 
location. Because central cues are under top-down control, the present results are in line with 
a determining role of top-down preparation on saccade direction. These results contrast with 
findings reported in a similar paradigm executed with hand movements, in which the 
movements were mostly initiated in the direction of the cued location. Therefore, we conclude 
that inhibitory effects typically observed when executing eye movements may not be observed 
when executing hand movements in similar conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., Meeter, M., & Theeuwes, J. (in press). Top down influences make 
saccades deviate away: The case of endogenous cues. Acta Psychologica. 
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When examining our environment, we make rapid eye movements called saccades. The 
trajectory of a saccade is typically not a straight line, but shows a curved trajectory (Erkelens & 
Sloot, 1995; Viviani et al., 1977; Yarbus, 1967). Research has shown that the trajectory of an 
eye movement is influenced by the environment (for a review, see Van der Stigchel et al., 
2006). These modifications are regarded as a reflection of competitive processes in the 
oculomotor system. For instance, when a target and a distractor are placed in close proximity, 
the endpoint of a saccade to the target will be positioned in between target and distractor 
(Coren & Hoenig, 1972; Van der Stigchel & Theeuwes, 2005b; Walker et al., 1997). Another 
example of a paradigm in which the modification of the saccade trajectory is a reflection of 
multiple saccade programs is visual search experiments. When participants have to search for 
a target presented in a search array, saccade trajectories to the target deviate towards the 
most salient distractor (Godijn & Theeuwes, 2002b; McPeek et al., 2000; Walker et al., 2006). 
In both situations, the competition between distractor and target is reflected in the saccade 
program, resulting in a movement that is an average of the saccade programs to both 
elements. Although the eye movement is correctly executed to the target, it is influenced by 
the competing activation caused by the distractor. 
The influence of a competing saccade program does not automatically lead to a deviation 
towards the direction of the competing response. Besides deviations towards irrelevant 
distractors, deviations away are also frequently observed (Doyle & Walker, 2001; Godijn & 
Theeuwes, 2002b; Van der Stigchel & Theeuwes, 2005b; Van der Stigchel & Theeuwes, 2006). 
For instance, Doyle and Walker (2001) showed that completely irrelevant distractors can also 
evoke deviations away. Participants had to make a saccade either up or down from fixation in 
the presence of an irrelevant distractor. Both voluntary and reflexive saccades were 
accompanied by deviation away from the distractor. 
These deviations away have been attributed to inhibitory processes (Godijn & Theeuwes, 
2002b; McSorley et al., 2004; Sheliga et al., 1994; Tipper et al., 1997). Possible target 
locations are represented by a large population of neurons that encode the movement 
towards each target location as a vector. When the competition between the different vectors 
is resolved, the population that loses the competition is inhibited. This inhibition of one 
population may shift the target vector in such a way that it affects the final response to the 
target which then points away from the inhibited location. Without the inhibitory selection 
the populations are combined to one mean population and the vector will point to an 
intermediate location, resulting in deviation towards. 
Only recently it was investigated what determines whether saccade trajectories deviate 
towards or away in a certain situation (Van der Stigchel et al., 2006; Walker et al., 2006). 
Because deviations away are typically attributed to inhibition, the question arises why this 
inhibition does not occur in every situation. It has been hypothesized that these inhibitory 
components are observed when top-down preparation influences the target selection process 
(Van der Stigchel et al., 2006). Deviation towards is then caused by the unresolved 
competition in the oculomotor system due to a lack of top-down preparation.  
The evidence for a determining role of top-down preparation in target selection comes 
from two reported effects: timing and prior knowledge. It has been shown that prior 
knowledge about the location of an upcoming target results in deviations away, whereas 
absence of this prior knowledge causes deviation towards a distractor (Walker et al., 2006). 
When the target location is known in advance, preparation for the upcoming saccade can 
already begin by selecting the relevant location. This process makes the oculomotor system 
less vulnerable for distractor interference and makes successful inhibition of the distractor 
more likely. In line with this finding, cueing the distractor location in advance evokes inhibition 
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of the distractor location (Van der Stigchel & Theeuwes, 2006). When the distractor was 
expected but not presented, saccades still deviated away from the distractor location because 
of the inhibition based on prior knowledge of the distractor location. 
The evidence for the important role of timing comes from studies that have looked at 
saccade trajectories as a function of saccade latency. In visual search experiments, for 
instance, fast saccades deviate towards distractors, while slow ones deviate away from these 
elements (McSorley et al., 2006; Theeuwes & Godijn, 2004; Walker et al., 2006). Also, 
deviation away from a distractor is modulated by target similarity when the saccade is 
delayed, but this effect is absent when it is not delayed (Ludwig & Gilchrist, 2003). 
The above explanation regarding eye movement deviations towards and away contrasts 
with findings from a hand movement study, where inhibitory components were not observed 
when top-down preparation influenced the target selection process (Lee, 1999). Therefore, 
we further test the determining role of top-down preparation by running an eye movement 
version of this hand movement study. Because it is generally agreed that eye and hand 
movements are subject to the same selection processes (Lee, 1999; Sailer et al., 2002; Tipper 
et al., 2000; Tipper et al., 1997; Tipper et al., 2001; Welsh & Elliot, 2004, 2005) a replication 
of the results of Lee (1999) with eye movements would pose problems for the idea that 
inhibitory components are observed in the presence of top-down preparation. 
In the hand movement study, four circles were presented around a central circle. 
Movements were initiated to one of the four peripheral circles indicated by the presentation 
of a red target disk inside one of the peripheral circles. A central cue indicated the likely 
location of an upcoming target in the majority of trials. In the remaining trials, the central cue 
pointed to one of the other locations. When the target was presented at a location different 
from that indicated by the central cue, movements with short latencies were mostly initiated 
towards the cued location (Lee, 1999). This was observed even when the target was 
presented 180° away from the cued location. For latencies longer than 300 ms, the 
movements were correctly initiated to the target without any deviation. It was therefore 
concluded that the location of an attentional cue was used as an initial value in the process 
specifying movement direction, and that this value was gradually modified by signals related 
to the target location.  
In the study by Lee (1999), the target location was indicated by a central cue. This type of 
cue is typically referred to as endogenous and allows an active top-down preparation (Posner, 
1980; Posner & Cohen, 1984). If it is indeed true that deviation away is observed in situations 
in which top-down preparation can influence the target selection process, the current 
paradigm should result in deviations away instead of deviations towards. 
Moreover, one of the predictions raised by Lee (1999) with respect to eye movements is 
that they will deviate towards the cued location in a paradigm similar to his. He suggested 
that previous eye movement studies found deviation away from the cued location because in 
these studies movements were never initiated to the cued location (i.e., Sheliga et al., 1994, 
1995b). Therefore, inhibitory effects of the cue dominated the facilitatory effects resulting in 
deviation away. In the study of Lee (1999) however, the fact that the cued, and presumably 
attended, location could become the target location made it more likely for the facilitatory 
effects of attention to manifest itself in deviation towards. Here we directly tested this 
hypothesis by conducting an eye movement experiment in which the cued location became 
the target location in the majority of trials. 
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Method 
 
Participants: Seven students participated (19 - 34 years old, all female). All reported having 
normal or corrected-to-normal vision. They were naïve as to the purpose of the experiment. 
All persons gave their informed consent prior to their inclusion in the study. 
Apparatus: A Pentium IV computer with a processor speed of 2.3 GHz controlled the 
timing of the events and recorded response times. Displays were presented on an Iiyama 21’’ 
SVGA monitor with a resolution of 1024 x 768 pixels and an 85-Hz refresh rate. A second 
computer controlled the registration of eye movements’ data on-line. Eye movements were 
registered by means of a video-based eye tracker (SR Research Ltd, Canada). The Eyelink2 
system has a 500 Hz temporal resolution and an accuracy probability of 0.5°. The system used 
an infrared video-based tracking technology to compute the pupil center and pupil size of 
both eyes. An infrared head mounting tracking system tracked head motion. Although the 
system compensates for head movements, the participant’s head was stabilized using a chin 
rest. The distance between monitor and chin rest was 75 cm. Participants performed the 
experiment in a sound-attenuated and dimly lit room. 
Stimuli: See Figure 5.1 for an illustration of the display sequence. All figures were 
presented in light gray on a black background. Each trial started with the presentation of a 
star-shaped fixation stimulus (0.27° x 0.27°) in the center of the screen. After 600 ms five 
equidistant circles (1.39° of visual angle in diameter) were presented positioned on an 
imaginary circle with a radius of 6.94° around the central fixation point. A centre line segment 
(0.92°) appeared 500 ms later pointing to one of the five circles (‘cue’). A variable delay 
occurred of 150-300 ms, followed by the onset of a filled circle at one of the five circle 
locations (‘target’). 
 
600 ms 500 ms 150 - 300 ms  
 
Figure 5.1: Example of the display sequence. The central line segment indicated the likely target 
location. After a variable delay, the target (‘filled circle’) was presented and observers were required to 
make a fast eye movement to the target. 
 
Procedure and design: Participants first received oral instructions. They were instructed to 
fixate the fixation stimulus until target onset and to then move their eyes to the target 
location. It was stressed that one had to make a single accurate saccade towards the target 
element. The experiment consisted of a training session of 24 trials and an experimental 
session of 1000 trials. In 60% of the trials, the target was presented at the cued location (a 
validity of 60%). For the four other locations, the probability of target appearance was 10%. 
The sequence of trials was randomized for each participant. Participants heard a short tone 
when the saccade latency was higher than 600 ms. 
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Data analysis: Saccade latency was defined as the interval between target onset and the 
initiation of a saccadic eye movement. If saccade latency was lower than 80 ms, higher than 
600 ms or further than two and a half standard deviations away from the mean latency, the 
trial was removed from the analysis. Moreover, trials were excluded from analysis in which no 
saccade or a too small first saccade (<3°) was made. If the endpoint of the first saccade had 
an angular deviation of more than 30° from the center of the target, the saccade was 
classified as an error and also not analyzed. Furthermore, the initial saccade starting position 
had to be within 1° from the center fixation point. 
To examine the influence of the different conditions on saccade trajectories, we used three 
different measures: saccade deviation, overall direction and initial direction. This enabled us to 
explore on what part of the saccade the influence of the distractor location might be 
observed: for the trajectory as a whole (saccade deviation), for the beginning of the trajectory 
(initial direction), or for the end of the trajectory (overall direction). For an overview of all 
different measures and how to compute them, see Van der Stigchel et al. (2006) and Ludwig 
and Gilchrist (2002a): 
 Saccade deviation was defined as the mean angle of the actual saccade path relative to 
the angle of a straight line between the saccade starting position and the target location. 
The mean angle of the actual saccade path was calculated by averaging the angles of the 
straight lines between the saccade starting position and the different sample points. 
 Overall direction was defined as the angular difference between the angle of a straight line 
from fixation to saccade endpoint and the angle of a straight line from saccade starting 
position to the target location. 
 Initial direction was defined as the difference between the angle of the saccade at 10 ms 
after saccade initiation and the angle of a straight line between the saccade starting 
position and the target location. 
To compute the influence of the cue on saccade trajectories, trajectory differences were 
computed between valid trials and invalid trials. Valid trials were considered as the baseline 
condition on the basis of which trajectory deviations were calculated for each target location. 
For all measures, trials in which the outcome of that particular trajectory measure was two 
and a half standard deviations away from the mean outcome were removed from the analysis. 
Positive and negative values refer to measurements towards and away of the cued location, 
respectively. Separate calculations were made for the two possible distances between the 
cued and the target location: ‘close’ (72°) and ‘far’ (144°). 
 
Results 
 
The exclusion criteria led to a total loss of 14% of trials. 
Saccade latency: To determine whether the cue had an effect on saccade latency, an 
ANOVA with cue condition (‘valid’, ‘invalid close’ or ‘invalid far’) as a factor was performed. 
There was a main effect of cued condition (F(2,12) = 17.71; p < 0.001). Saccade latencies to 
the valid location were faster than to the invalid close (201 ms (SEM = 18 ms) vs. 221 ms (SEM 
= 14 ms); t(6) = 20.34; p < 0.01) and the invalid far location (201 ms (SEM = 18 ms) vs. 226 
ms (SEM = 16 ms); t(6) = 20.01; p < 0.01). 
Saccade deviation: An analysis of variance (ANOVA) on mean saccade deviation with cue 
condition (“far” vs. “close”) and the five target locations as factors showed a main effect of 
cue condition (see Figure 5.2; F(1,6) = 72.46; p < 0.001). In the close condition, saccade 
trajectories deviated more strongly away from the cue condition (-0.033 rad, SEM = 0.011), 
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than in the far condition (-0.002 rad, SEM = 0.006). There was also a significant target 
location x cue condition interaction (F(4,24) = 2.98; p < 0.05) caused by a larger cueing effect 
for the three top locations compared to two bottom locations. There was no main effect of 
target location (F < 1). 
Overall direction: The same analysis repeated with overall direction as a measure showed a 
main effect of cue condition (see Figure 5.2; F(1,6) = 13.11; p < 0.02) but not for target 
location, and no interaction (F < 1). In the close condition, the overall direction was more 
negative in the cue condition (-0.013 rad, SEM = 0.008) than in the far condition (0.001 rad, 
SEM = 0.003). 
Initial direction: There was again a main effect of cue condition (see Figure 5.2; F(1,6) = 
93.46; p < 0.001) when initial direction was used as measure of deviation. In the close 
condition, saccade trajectories deviated away from the cue condition (-0.051 rad, SEM = 
0.014). This deviation away was greater than in the far condition (-0.007 rad, SEM = 0.010). 
There was no main effect of target location (F < 1) and no interaction F(4,24) = 1.40; p > 0.2). 
 
TOWARDS
AWAY
 
 
Figure 5.2: Results of the two cue conditions for all three measures of saccade deviations. Negative 
values refer to deviations away. See text for further details. 
 
Relation between saccade deviation and saccade latency: To quantify the relation between 
saccade deviation and saccade latency, we calculated for each participant the mean 
correlation between these two measures for the close and far cue conditions. For each 
individual trial, its saccade deviation was measured with respect to the mean baseline 
deviation. Both correlations were not significantly different from zero (close cue condition: 
mean = 0.013; t(6) = 0.77; p > 0.45; far cue condition: mean = -0.055; t(6) = 2.36; p = 0.06). 
There was no difference between the two conditions (t(6) = 2.19; p = 0.07). 
To further examine the relationship between saccade deviation and latency, we ordered 
the latencies in different bins. On the basis of their latency (fastest to slowest) and cue 
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conditions (close and far cue condition), trajectory deviations were divided in two times three 
bins. By examining the three bins, we could determine whether saccade trajectories change as 
a function of saccade latency for the two conditions. An ANOVA on mean saccade deviation 
with cue condition (“far” vs. “close”) and latency bins as factors showed a main effect of cue 
condition (see Figure 5.3; F(1,6) = 49.14; p < 0.001). There was no main effect of latency bin 
(F(2,12) = 1.90; p > 0.15) and no significant interaction between cue condition and latency 
bin (F < 1). 
 
TOWARDS
AWAY
Mean Latency(ms)
Far Cue Condition   191     219           265
Close Cue Condition   187     217                  259
 
 
Figure 5.3: Saccade deviations for the two cue conditions divided in three latency bins. Mean saccade 
latencies for the bins are given in the bottom of the figure. 
 
Discussion 
 
The present study was modeled after a hand movement study of Lee (1999), but instead of 
making hand movements, participants made eye movements in our study. Participants had to 
make a saccade to a gray circle presented at one of five possible target locations. A central 
cue indicated the likely target location in advance. Saccades were faster to this cued location 
than to other locations. This indicates that the cue evoked programming of a saccade to the 
cued location. 
When the target was presented close to the cued location, the trajectory deviated away 
from the cued location. This effect was observed for all three measures (initial direction, 
overall direction and saccade deviation) indicating that this deviation exists at both beginning 
and end of the movement trajectory. However, these effects were only observed for 
movements to the locations close to the cued location. For the locations far from the cued 
location, saccade trajectories were not influenced. Finally, there was no relation between 
saccade deviations and saccade latencies. This is consistent with recent findings that such a 
relation is not observed for eye movement when voluntary cues are used (Walker et al., 2006).  
Because the present study used cues that are subject to top-down preparation, the present 
results are in line with a determining role of top-down influence on the direction of the 
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saccade trajectory. Because participants knew the likely target location in advance, top-down 
preparation could influence the target selection process. When the target location differed 
from the cued location, the ‘endogenous’ saccade program could be successfully inhibited. 
This inhibition then resulted in deviation away from the cued location. Furthermore, the 
finding that saccade deviation is not influenced by saccade latency indicates that this 
inhibition does not build up and is already present in the eye movements with the shortest 
latencies. 
As noted before, saccade deviations were only observed for movements to target locations 
close to the cued location and not for saccades to target locations far from the cued location. 
This finding is consistent with the idea that saccade deviations are caused by the competition 
between overlapping movement vectors (Tipper et al., 1997; Tipper et al., 2001). In response 
to the central cue, an eye movement is programmed to the cued location. The corresponding 
population of neurons encodes this motor program as a vector. When the target is 
subsequently presented at an uncued location, an eye movement will be programmed to this 
target location. To correctly execute this movement, the vector to the cued location has to be 
inhibited. When the distance between the target and the cued location is small, the 
population coding the ‘target vector’ and the ‘cue vector’ will overlap. Therefore, inhibition of 
the cue vector shifts the target vector in such a way that it points away from the cued 
location. When the distance between the cued and the target location is large, the vectors do 
not overlap and inhibition of the cue vector will not affect the trajectory of the eye movement 
to the target.  
The present results contrast with those reported by Lee (1999) with hand movements. In 
that study, in trials in which the target was presented at an uncued location, fast hand 
movements were mostly initiated in the direction of the cued location. This was observed for 
both far and close cued locations. For longer latencies, the movements were correctly initiated 
to the target location. Lee (1999) hypothesized that similar findings would be observed in an 
eye movement variant of that study. However, none of these results were observed in the 
present experiment: we observed no differences between fast and slow responses, the 
movements were mostly initiated away from the cued location and an influence of the cue 
was only observed for the close cued locations. 
On the basis of these findings, it can be questioned whether similar inhibitory influences 
are present in corresponding situations for hand and eye movements. Other studies have also 
obtained diverging results between hand and eye movements. These studies have investigated 
the influence of irrelevant distractors on movement trajectories. Participants typically make a 
motor movement to a predictable target location in the presence of an irrelevant distractor. 
Hand trajectories typically deviate towards the distractor (Chang & Abrams, 2004; Chieffi et 
al., 2001; Tipper et al., 2000; Welsh & Elliot, 2004, 2005). For instance, Welsh, Elliot and 
Weeks (1999) conducted an experiment in which participants executed a hand movement to a 
target while they had to ignore a simultaneously presented distractor. In this study, distractors 
and targets were lights (i.e. LEDs). It was shown that the hand trajectory deviated towards the 
distractor. In similar paradigms, eye movement trajectories have generally been found to 
deviate away from irrelevant distractors (Doyle & Walker, 2001, 2002; Ludwig & Gilchrist, 
2003; McSorley et al., 2004, 2005; Van der Stigchel & Theeuwes, 2006).  
It must be noted that deviations away have been observed in hand movements in some 
circumstances. Tipper, Howard, and Jackson (1997) found that hand movements deviated 
away from near distractors in movements to far targets, but deviated towards far distractors 
for movements to near targets. However, these experiments differed from the other hand 
movement experiments in that they were executed with physical stimuli that could obstruct 
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the movement. Tresilian (1998) explained these results by stating that participants keep a 
minimal distance to physical stimuli to avoid obstruction. A second study in which deviation 
away was observed is an experiment in which the distractor was presented at a different time 
point before the target (Welsh & Elliot, 2004). When the distractor was presented 750 ms 
before the target, movements deviated away from the distractor. When the distractor was 
presented less than 750 ms before the target, movements were again shown to deviate 
towards the distractor. 
There has been one study that has monitored eye and hand movement trajectories 
simultaneously (Tipper et al., 2000). In this study, participants attended to a spatial cue 
without making an eye movement and subsequently executed a hand movement to a target 
location indicated by the cue. In line with other studies, hand movements deviated towards 
the attended location and eye movements deviated away from this location. So, although it is 
generally agreed that eye and hand movements are subject to the same selection processes 
(Franz et al., 2000; Lee, 1999; Sailer et al., 2002; Schneider & Deubel, 2002; Tipper et al., 
1997; Tipper et al., 2001), movement trajectories studies seem to indicate that the role of 
inhibitory mechanisms differs between hand and eye movements. As noted before, deviations 
away are assumed to be reflections of high amounts of inhibition, whereas deviations towards 
indicates a relative lack of inhibition. It might be that inhibitory processes are more potent in 
the eye movement system than in the hand movement system. This explains why we observed 
deviation away in the current experiment instead of deviation towards as was observed in the 
hand movement version of the paradigm. Moreover, this also explains why the influence of an 
irrelevant distractor seems to differ between the two motor responses. 
From the neuroscience point of view, differences between the selection processes for hand 
and eye movements are not surprising given that hand and eye movements are generated in 
anatomically separate areas in the brain. Systems that code for a specific direction of an eye 
movement response have been located in the FEF and the superior colliculus (SC) (Schall, 
1991; Sparks & Hartwich-Young, 1989). The role of the SC in saccade trajectories was 
revealed by McPeek, Han and Keller (2003), who showed that when a trajectory deviated 
towards a distractor location in a visual search experiment, there was increased pre-saccadic 
activity at that location. Also, micro-stimulation of the SC below the threshold for saccade 
generation resulted in eye movements that deviated towards the stimulated location. 
Although eye movement trajectories deviate away from a distractor location have not been 
reported in monkeys, the SC may be assumed to underlie such deviations as well. Indeed, 
after deactivating of a location by an injection of a GABA agonist, muscimol, the eyes deviate 
away from this location in monkeys (Aizawa & Wurtz, 1998). The SC does not play a role in 
hand movements. Instead, cells in area 5 of the parietal cortex and in the motor cortex code 
for a specific direction of a hand movement response (Georgopoulos, 1990), and these areas 
may have a different physiology from those in the eye movement system. 
To summarize, the present study found saccade deviations away from the cued location in 
a task in which top-down preparation could influence the target selection process. In a similar 
experiment with hand movements, deviations towards the cued location were observed (Lee, 
1999). The functional significance of such a difference is currently unclear, but it can be 
concluded that similar inhibitory influences are not present in corresponding situations for 
hand and eye movements. 
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Chapter Six  
The Relationship between Covert and Overt  
Attention in Endogenous Cueing 
 
 
 
 
 
Abstract 
 
In a standard Posner paradigm, participants were endogenously cued to attend to a peripheral 
location in visual space without making eye movements. Participants responded faster to 
target letters presented at cued locations than at uncued locations. On some trials, instead of 
a manual response, participants had to move their eyes to a location in space. Results showed 
that the eyes deviated away from the validly cued location. When the cue was invalid and 
attention had to be allocated to the uncued location, eye movements also deviated away but 
now from the uncued location. The extent to which the eyes deviated away from cued and 
uncued locations was related to the dynamics of attention allocation. This deviation away was 
hypothesized to be due to the successful inhibition of the attended location. The results imply 
that the oculomotor system is not only involved during the endogenous direction of covert 
attention to the cued location, but also when covert attention is directed to the uncued 
location. It appears that the oculomotor system is activated wherever spatial attention is 
allocated. The strength of saccade deviation might turn out to be an important measure for 
the amount of attention allocated to any particular location in time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., & Theeuwes, J. (in press). The relationship between covert and overt 
attention in endogenous cueing. Perception & Psychophysics. 
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In the late 1970s and early 1980s, Posner and colleagues (Posner, 1980; Posner & Cohen, 
1984; Posner et al., 1980) developed the now classic cueing technique for manipulating 
spatial attention independently of eye movements. Typically, participants have to detect or 
discriminate a target and respond manually by pressing the appropriate response key. The 
target stimulus is preceded by a cue which provides information about the location of the 
upcoming target. In a cueing version typically referred to as “endogenous”, a centrally 
displayed arrow points to the likely target location. Participants are instructed to use the 
arrow and focus their attention on the cued location before the appearance of the target. 
Results show that processing of the target is enhanced at the cued location. In the so called 
“exogenous” version of the cueing paradigm, before the appearance of the target, the 
participant's attention is pulled to one of the locations by an uninformative peripheral cue 
(usually an abrupt increment or decrement in luminance). The target then appears either at 
the location of the cue or at the uncued location. Shortly after presentation the cue, response 
times for targets at the cued location (valid cue) are fast and accuracy is high relatively to the 
condition in which the target appears at the uncued location (invalid cue). However, when 
the interval between the cue and the target is long, reaction time to targets presented at the 
cued location is delayed compared to responses at the uncued location (inhibition of return, 
Posner & Cohen, 1984). 
These cueing experiments have been important for understanding spatial attention as a 
“spotlight”. Indeed, Posner described attention as a "spotlight that enhances the efficiency of 
the detection of events within its beam" (Posner, 1980, p. 172). Over the last 25 years, the 
spotlight metaphor has generated several important research questions regarding the way the 
beam moves through space, whether the beam can split and the extent to which the beam 
can be highly focused or not (see for review and discussion, Cave & Bichot, 1999). Alternative 
approaches do not consider RT benefits and costs obtained in typical cueing tasks as the result 
of a moving “spotlight” but as a result of an efficient allocation of attention over the visual 
field. For example, Shaw and Shaw (Shaw, 1978; Shaw & Shaw, 1977) proposed a parallel 
model of attention suggesting that attention can be allocated flexibly to multiple locations in 
parallel. According to their model, the attentional system has a fixed capacity for visual 
processing that is optimally distributed over the different spatial locations. The time it takes for 
a stimulus to be identified is a function of the capacity allocated to the corresponding 
location. Attention is divided across a visual scene on the basis of the likelihood of the target 
location. When chances are high that the target will be presented at a certain location, more 
attentional resources will be allocated to that location. Therefore in an endogenous cueing 
experiment, more resources will be allocated to the valid location relative to the invalid 
location. Because of the higher amount of resources allocated to the cued location, processing 
of the target will be enhanced at the cued location. Modern versions of this approach are for 
example the Theory of Visual Attention (TVA, Bundesen, 1990). TVA is a unified framework of 
both recognition and selection mechanisms in which all elements can be processed in parallel. 
The model claims that when an object is recognized, it is selected at the same time. The 
weight of the attentional resources dedicated to an object can be enhanced by increasing the 
pertinence value linked to that element. The pertinence value is a measurement of the current 
priority of attending to a certain element. The higher the chance that a target will appear at a 
certain location, the higher the priority of attention to this location will be. On the basis of the 
advance knowledge of the valid location in a cueing paradigm, the pertinence of the valid 
location value will be increased, thereby facilitating the selection of the target. 
In all models described above, whether they adhere to a limited capacity spotlight or a 
parallel resource approach, the mechanism underlying attention is assumed to either enhance 
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the efficiency of processing (e.g., Posner et al., 1978), reduce stimulus uncertainty (e.g., 
Eckstein et al., 2002; Palmer, 1994), enhance the stimulus signal (e.g., Yeshurun & Carrasco, 
1999), reduce external noise (e.g., Lu & Dosher, 1998), reduce interference from unattended 
locations (e.g., Theeuwes, 1991), or suppresses masking at attended locations (Enns & Di 
Lollo, 1997). The traditional view is that the attentional system is completely modular and 
specific regions of the brain are dedicated to attentional control only (Posner & Petersen, 
1990). Even though the attentional system interacts with other (sensory and motor) systems, it 
performs operations independently of other systems and on specific inputs only (Posner & 
Petersen, 1990).  
Although one can consider the attentional system as being separate and independent, it 
should be noted there is also evidence for a close link with the oculomotor system. In line with 
the modular view, it is known that if the task requires participants to only shift attention, they 
can do so without moving their eyes (e.g., Hoffman & Subramaniam, 1995b). However, if the 
task requires that the eyes have to move, the eyes typically move to the location to which 
attention is directed (Deubel & Schneider, 1996; Godijn & Theeuwes, 2003). So even though 
attention can shift without the eyes, one very fundamental question is whether the 
oculomotor system is involved even in a task which basically only requires the shifting of 
covert (and not overt) attention. 
If one adheres the view that the attentional system performs its operations independently 
of other systems (Posner & Petersen, 1990) then one expects that the oculomotor system is 
not involved in a task which requires only the shifting of covert attention. Some recent studies 
provided evidence for the claim that spatial attention and eye movements are independent. 
Hunt and Kingstone (2003a, 2003b) showed that directing covert attention to a location in 
space did not result in the preparation of an eye movement to that location. Also, the reverse 
was found; when preparing to move the eyes to a particular location there was no evidence 
that covert attention was allocated to that location. Similarly, Juan, Shorter-Jacobi and Schall 
(2004) showed that what is selected by neurons in the Frontal Eye Fields (FEF, a brain area 
related to sensorimotor processing) during the allocation of covert spatial attention is different 
from what is selected during the subsequent preparation of a saccade. In other words, these 
studies suggest that saccade preparation is not an obligatory or immediate result of directing 
spatial attention.   
However, the premotor theory of Rizzolatti and colleagues (Rizzolatti et al., 1987; Rizzolatti 
et al., 1994) suggests a completely different role for attention. According to this “premotor” 
theory, shifts of attention are a by-product of the preparation an eye movement to a 
particular location in space. The preparation of a saccade produces a processing advantage for 
stimuli located at the location towards which the motor program is prepared. In terms of the 
premotor theory, the central arrow in Posner’s endogenous cueing task that instructs 
participants to direct attention to that particular location implies nothing else than the 
preparation of an eye movement that is not executed. For invalid trials, the RT costs occur 
because of the time it takes to cancel the oculomotor program to the cued location and to 
prepare another one to the uncued location. Sheliga and colleagues provided evidence for the 
premotor theory by showing that directing covert attention to a spatial location influences the 
trajectory of a predetermined eye movement (Sheliga et al., 1995a; Sheliga et al., 1994, 
1995b). For instance, observers had to make vertical saccades to a target below or above 
fixation point (Sheliga et al., 1994). In order to know which saccade had to be executed, 
participants had to attend to a cue that indicated the subsequent oculomotor behaviour (the 
imperative stimulus). This cue was presented within one of four peripheral boxes positioned in 
the upper or the lower visual fields to the left or to the right of the target locations. Results 
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show that the eyes deviated away from the imperative stimulus. The result indicates that 
spatial attention leads to activation within the oculomotor system (see also Van der Stigchel & 
Theeuwes, 2005a).  
Saccade deviations as for example reported by Sheliga and colleagues (1995a, 1994, 
1995b) have been attributed to competition between multiple target objects. It is generally 
assumed that possible target objects are represented by a large population of neurons 
encoding the movement towards each target object as a vector (Tipper et al., 2000; Tipper et 
al., 1997). When two possible targets are positioned in close proximity, the populations 
corresponding to these targets are combined to a mean population of which the vector will 
point to an intermediate location. Since participants are instructed to move their eyes to only 
one location, competition between the two active populations has to be resolved by inhibiting 
one of them. Because saccades are executed on the basis of this initial vector, inhibitory 
selection of one population over the other may shift the resulting movement vector in such a 
way that it affects the final response to the target. For example, in Godijn and Theeuwes 
(2002b) saccade deviations were observed when observers had to make an eye movement to 
a predefined target while ignoring an abrupt onset distractor singleton (referred to as the 
oculomotor capture paradigm, cf Theeuwes et al., 1998). This creates a situation in which 
there is competition between an endogenous and an exogenous signal. The results showed 
that the eyes deviated away from the distractor location, suggesting that the location of the 
distractor was inhibited in order to prevent it from capturing the eyes. 
The present study was designed to determine the involvement of the oculomotor system in 
the classic Posner cueing task. As in the Posner task, a central arrow indicated the likely target 
location and participants were instructed to direct covert attention to this location. The target 
letter that needed to be discriminated was the letter ‘E’ or ‘S’ and participants responded 
manually to this target with the right or the left index finger. However, on a small subset of 
trials (20%), instead of responding manually to the target letter, participants had to execute a 
vertical saccade straight up. We determined the extent to which the saccade was deviated 
relative to the cued and uncued target locations. Classic attention approaches, like the 
hypothesis that attention operates as a spotlight that enhances the efficiency of the detection 
of events within its beam (e.g., Posner & Petersen, 1990) would not predict the involvement 
of the oculomotor system. Indeed, if attention is independent of oculomotor preparation as 
has been suggested (e.g., Hunt & Kingstone, 2003a, 2003b; Juan et al., 2004) then there is 
no reason to expect that directing covert attention to a location in space has an effect on the 
oculomotor system. Therefore, according to this notion there should be no effect of allocating 
attention on saccade deviation. Alternatively, the premotor theory of attention (e.g., Rizzolatti 
et al., 1987; Rizzolatti et al., 1994) would predict that even though the task is basically a 
covert attention task involving manual responses, allocating spatial attention involves 
activation in the oculomotor system causing saccade trajectories to be influenced by the 
location to which attention was allocated.  
Regardless whether one adheres the more classic “limited-capacity” space-based models of 
attention which claim that at any given moment attention is focused on a particular area in 
space (e.g., Eriksen & Yeh, 1985; Posner, 1980) or the more recent “parallel processing” 
models that claim that attention may enhance the stimulus signal (e.g., Yeshurun & Carrasco, 
1999) or reduce external noise (e.g., Lu & Dosher, 1998), these models basically assume that 
the role of attention is to prioritize processing of some objects or locations at the expense of 
others. Such “selection-for-perception” views can be contrasted with notions that assume 
that the role of attention is not so much the enhancement of perception but to deliver spatial 
information for a motor action, such as an eye movement (the so called selection-for-action 
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view, e.g., Schneider, 1995; Schneider & Deubel, 2002). This view is closely related to the 
premotor-theory of attention except that in the selection-for-action approach the function of 
spatial attention is to provide a spatial code to the eye movement system while in the 
premotor theory spatial attention is by-product of the programming of an eye movement. The 
“selection-for-perception” notions that assume that the role of attention is to prioritize the 
processing of some objects or location at the expense of others do not assume the 
involvement of the eye movement system when a task basically involves the covert allocation 
of attention. Others theories that assume a strong connection between spatial attention and 
the eye movement system (such as the premotor theory) assume that the covert allocation of 
attention always involves the oculomotor system even when the eye movement system is not 
principally involved in executing a task. These theories predict that any covert shift of attention 
will affect the eye movement trajectory. 
As noted, if the allocation of covert attention affects the eye movement system, then it is 
likely that it affects the trajectory of the eyes. In the present set-up we expect the eye to 
deviate away from the attended location similar to the effects reported by Sheliga et al. 
(1995a, 1994, 1995b). Note however that it is also possible that the eyes deviate towards a 
location. Indeed, visual search experiments in humans (Godijn & Theeuwes, 2002b; McPeek et 
al., 2000; Walker et al., 2006) and monkeys (McPeek et al., 2003; McPeek & Keller, 2001; 
Port & Wurtz, 2003) have shown that when executing a saccade towards a target a distractor 
may cause the eyes to deviate towards the distractor. On the other hand, distractors are also 
able to cause eye deviations away from the location of the distractor (Doyle & Walker, 2001, 
2002; Ludwig & Gilchrist, 2003; Van der Stigchel & Theeuwes, 2005b). Moreover, smooth 
pursuit eye movements have also been found to deviate away from an ignored distractor 
(Spering et al., 2006). The question when eyes deviate towards and when they deviate away 
from a location has been a subject of several recent studies (McSorley et al., 2006; Van der 
Stigchel et al., 2006; Walker et al., 2006). It was hypothesized that deviation towards is 
caused by the unresolved competition between populations in the oculomotor system due to 
feed-forward activation without top-down inhibition. However, when there is enough time to 
allow top-down preparation of the saccade, inhibitory processing may suppress the irrelevant 
oculomotor activity at the location of the distractor, causing the eyes to deviate away from 
this location (McSorley et al., 2006; Van der Stigchel et al., 2006). 
Part of the evidence for the idea that top-down preparation plays an important role in the 
direction of saccade deviation comes from studies that have investigated the influence of 
saccade latency on saccade deviation. These studies have shown that deviations away are 
especially observed in eye movements with relatively long latencies (McSorley et al., 2006; 
Theeuwes & Godijn, 2004; Walker et al., 2006). When saccade latencies are relatively long 
(saccades with a latency of longer than 200 ms, see McSorley et al., 2006), there is enough 
time to resolve the competition in the oculomotor system. It is assumed that the top-down 
inhibition of the activation at the location of the distractor results in deviations away from the 
inhibited location (McSorley et al., 2006; Theeuwes & Godijn, 2004; Walker et al., 2006). 
Because it is likely that the latencies in the current experiment are well over 200 ms, we 
expect curvature away.  
Furthermore, in the current experiment, eye movements are executed on the basis of 
voluntary control, because they are initiated on the basis of the go-signal. A saccade is 
executed because of successful processing of this go-signal. Therefore, all eye movements are 
completely voluntary and subject to top-down processes. This should lead to successful top-
down inhibition of the to-be-cancelled eye movement, resulting in deviation away. 
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Experiment 1 
 
In Experiment 1, a central arrow indicated the likely target location and participants were 
instructed to direct their attention to the cued location without making an eye movement. In 
most trials (66.6%) the cue was valid suggesting that the target letter ‘E’ or ‘S’ would appear 
at the cued location. In a subset of trials (16.7%) the cue was invalid and the target letter 
appeared at the uncued location. In the remaining 16.7% instead of presenting a target letter 
at a validly or invalidly cued location, a tone sounded indicating that the participant had to 
make a saccade straight up to a marker present 7.2o above fixation point.  
The goal of Experiment 1 was to determine whether the mere allocation of covert attention 
would affect the oculomotor system. In the classic studies of Sheliga and colleagues (Sheliga 
et al., 1995a; Sheliga et al., 1994, 1995b) showing saccade deviation participants knew that 
they had to make a saccade in every trial. In other words, in the Sheliga et al. studies it may 
not be surprising that the oculomotor system was involved because the task was basically an 
eye movement task. Also, in most conditions of Sheliga et al. the imperative stimulus that 
indicated that a saccade had to be executed was presented at one of the cued locations. Thus, 
in these conditions, the observed saccadic deviation away from the cued location may not 
have been the result of simply allocating endogenous attention; it may also have been the 
result of the actual processing of the imperative stimulus located at the cued location. In our 
Experiment 1, in 83.3% of the trials participants did not make an eye movement but only 
directed attention covertly. In the 16.7% of the trials in which participants had to execute a 
saccade there was nothing to process at the location of the cue. The imperative stimulus to 
execute a saccade was a tone. Therefore, this setup presents an adequate condition to 
determine whether the mere allocation of endogenous attention in a classic manual RT Posner 
task has an effect on the oculomotor system. According to the premotor theory, even though 
there is nothing to process at the location of the cue, allocating spatial attention should cause 
the eyes to deviate away from the cued location. Alternatively, finding no effect on the 
oculomotor system would support the conclusion that covert and overt attention are not 
linked (cf Hunt & Kingstone, 2003a, 2003b; Juan et al., 2004).  
 
Method 
 
Participants: Eight observers, aged between 19 and 32 years old, served as paid volunteers. 
Five of the participants were female. All reported having normal or corrected-to-normal vision. 
They were naïve as to the purpose of the experiment. 
Apparatus: A Pentium IV computer with a processor speed of 2.3 GHz controlled the 
timing of the events and recorded response times. Displays were presented on an Iiyama 21’’ 
SVGA monitor with a resolution of 1024 x 768 pixels and an 85-Hz refresh rate. A second 
computer controlled the registration of eye movements’ data on-line. Eye movements were 
registered by means of a video-based eye tracker (SR Research Ltd, Canada). The Eyelink2 
system has a 500 Hz temporal resolution and a spatial resolution of 0.01°. The system used an 
infrared video-based tracking technology to compute the pupil center and pupil size of both 
eyes. An infrared head mounting tracking system tracked head motion. Only data from the 
left eye was analyzed. Although the system compensates for head movements, the 
participant’s head was stabilized using a chin rest. The distance between monitor and chin 
rest was 75 cm. The experiment was conducted in a sound-attenuated and dimly lit room. 
Stimuli: See Figure 6.1 for an illustration of the display sequence. In the current experiment, 
the display started with the presentation of a ‘star’ character (0.28° x 0.28°) in the centre of 
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the screen. The fixation point was presented in light grey (CIE x,y chromaticity coordinates of 
.280/.314; 15.5 cd/m2) on a black background (0.0 cd/m2). After 600 ms two pattern masks 
were presented (1.11º x 0.92º) that were of the same color as the fixation point. The two 
were positioned around the central fixation point on an imaginary circle of radius 6.85º. In 
addition, a line cue (0.42º x 0.83º) appeared pointing in the direction of one of the two 
pattern masks. After a delay of 800-1300 ms one of the patterns masks was replaced by a 
letter character. The color of this letter was the same as the fixation point and pattern masks. 
The letter was sampled from the set of characters ‘E’ or ‘S’ and was sufficient in size to 
identify it without foveating. After 200 ms the letter was removed with a post-mask. 
Participants were required to indicate which letter was present (‘z’ key for the letter ‘E’ and ‘/’ 
key for the letter ‘S’). In some of the trials, no letter was presented but a short beep sounded. 
In these trials, participants had to saccade to a ‘plus’ character (0.28° x 0.28°) positioned 7.2º 
straight above the fixation point. The display remained visible until a response was made or 
for 2000 ms when no response was made. 
 
Time since beginning trial
600 ms0 ms 1400 - 1900 ms 1600 - 2100 ms  
 
Figure 6.1: Example of the display sequence in Experiment 1. Each trial started with the presentation 
of a fixation screen. After 600 ms, a central cue indicated the likely target location. The interval 
between the cue and the target was 800-1300 ms after which the target was presented for 200 ms. 
Participants responded manually to the target letters “E” or “S” which could appear at a cued or an 
uncued location. On a small subset of trials a tone sounded, indicating that a saccade had to be made 
straight up the “plus”-marker. 
 
Procedure and design: Participants received oral instructions before the start of the 
experiment. They were instructed to fixate the centre fixation point during the whole trial 
except for when they heard the beep. In that case, they had to move their eyes to the 
designated cross above fixation point. It was stressed that they had to make a single accurate 
saccade towards this element when they heard the beep or to respond as soon as possible by 
pressing the correct key if they detected the ‘E’ or the ‘S’ character. In other words, the beep 
can be seen as a ‘go-signal’ for the eye movement. There was a 66.7% chance that the ‘E’ or 
the ‘S’ character appeared on the cued location. In 16.7% of the trials one of these two 
letters appeared at the uncued location. In the remaining 16.7% of the cases the beep was 
presented. Participants were told that the to-be-identified letter mostly appeared at the cued 
location. 
The experiment consisted of a training session of 24 trials and an experimental session of 
360 trials. Each session started with a nine-point grid calibration procedure. Participants were 
required to saccade towards nine fixation points sequentially appearing at random in a 3 x 3 
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grid. In addition, simultaneously fixating the centre fixation point and pressing the space bar 
recalibrated the system at the start of each trial. Feedback about the participant’s 
performance on the identification of the letters was given every 24 trials. 
Data analysis: For trials in which a saccade had to be made, trials in which saccade latency 
was lower than 80 ms the trial were removed from the analysis. Saccade latency was defined 
as the interval between beep onset and initiation of a saccadic eye movement. Moreover, 
trials were excluded from further analysis in which no saccades, too early or small saccades 
(<3°) were made. If the endpoint of the saccade had an angular deviation of less than 30° 
from the centre of the target, the saccade was classified as correct and further analyzed. 
Furthermore, the initial saccade starting position had to lie within 1° from the centre fixation 
point. For trials in which no saccade had to be made, trials were removed in which a saccade 
(>3°) was made. 
Saccade trajectories to the target location were examined by calculating the mean angle of 
the actual saccade path relative to the mean angle of a straight line between the starting 
point of the saccade and the saccade target. The angle of the actual saccade was calculated 
for each 2 ms sample point by examining the angle of the straight line between fixation and 
the current sample point. Angles were averaged across the whole saccade and subtracted 
with the angle of the straight line between fixation and the target location (for a more 
detailed overview of saccade trajectory computation, see Van der Stigchel et al., 2006). 
Positive and negative deviations refer to deviations towards and away, respectively. 
To compute the influence of the cue on saccade trajectories, differences between the 
deviations of the leftward and the rightward cue condition were analyzed. For instance, no 
difference in saccade trajectories between whether the left or the right location was cued 
would mean that the cue has no influence on saccade deviation. This would imply than an 
identical trajectory was observed whether the left or the right location was cued. Trials with 
saccade latency, response time or angular deviation of more than 2.5 times their mean were 
excluded from the analysis. 
 
Results 
 
The prerequisites made on saccade latency, response time, saccade amplitude, saccade 
deviation and saccade classification led to the average loss of 10.6% of trials. See Table 6.1 
for all results. Response times were faster for letters presented at the validly cued than at the 
invalidly cued location (t(7) = 3.56, p < 0.01). The mean response time for letters at the valid 
location was 421 ms (st dev = 107 ms) whereas it was 449 ms (st dev = 115 ms) for letters at 
the invalid location. Mean saccade latency was 441 ms (st dev = 51 ms). There was no 
significant difference in percentage correct for valid and invalid location cueing conditions 
(mean = 93% correct, t(7) = 1.21, p > 0.20). 
Saccade deviations differences for eye movements triggered by a go-signal revealed a 
significant difference from zero (t(7) = 5.13, p < 0.01). Eye movements deviate away from the 
cued location (mean = -0.05 rad, st dev = 0.05 rad). 
 
Discussion 
 
The present results show a classic Posner cueing effect on manual RT revealing faster RT for 
targets presented at a validly cued location than at an invalidly cued location. Finding a 
location cueing effect indicates that participants followed the instructions and endogenously 
directed attention to the cued location. At the same time there is a clear saccade deviation 
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away from the cued location suggesting that the mere endogenous allocation of attention to 
a location in space has an influence on the oculomotor system. Whereas previous studies 
showed saccade deviations away from locations at which an imperative stimulus was 
presented, the current study shows that it is not necessary to process information at the 
location but just directing attention to the location is enough to observe a saccade deviation. 
Note that in the current experiment, in most trials participants had to make a manual 
response and in the small subset of trials in which a saccade had to be made, the saccade 
never had to be executed to the cued location. Therefore, from a task perspective there was 
no need to prepare an eye movement to the cued location. If anything, preparing such an eye 
movement would make it harder to remain fixated at the fixation point.  
 
 Valid location Invalid location 
Manual Response Time 421 ms 449 ms 
Accuracy 92% 94% 
Saccade Latency 441 ms 
Saccade Deviation -0.05 rad * 
 
Table 6.1: Experiment 1: Manual Reaction Time for targets presented at validly and invalidly cued 
locations. Saccade latencies and saccade deviations for trials in which participants made a saccade 
straight up. (*) indicates deviation values significantly different from zero. 
 
Finding saccadic deviations in a condition in which participants only had to direct attention 
to a location in space provides strong evidence for the premotor theory of attention. The 
saccade deviation is caused by the need to inhibit the automatically programmed eye 
movement to the cued location in order to be able to execute an accurate saccade to the 
target (Doyle & Walker, 2001; Godijn & Theeuwes, 2002b; Theeuwes & Godijn, 2004; Van der 
Stigchel et al., 2006; Van der Stigchel & Theeuwes, 2005b). The current findings suggest that 
directing attention to a location in space automatically results in a saccade deviation. This 
finding is consistent with recent work by Theeuwes, Chizk and Olivers (2005) who showed 
that keeping a location in spatial working memory also causes a saccade deviation away from 
this location. 
 
Experiment 2 
 
In Experiment 2 the notion of covert attention and its relation to the oculomotor system was 
tested further. In Experiment 1, the imperative stimulus to execute a saccade was presented 
auditory. In Experiment 2, we presented the imperative stimulus to execute a saccade visually 
at the cued or the uncued location. This manipulation enabled us to examine the effect on 
saccade deviations when attention is initially directed to the valid location and --when the trial 
is invalid-- is directed to the invalid location. Again there is no effect expected on the saccade 
deviation since directing attention has nothing to do with the preparation of a saccade. With 
respect to the premotor theory the predictions are less clear. In case of a validly cued location, 
we expect the same effect as we observed in Experiment 1. In line with the premotor theory 
we predict an effect on saccade deviation because participants endogenously direct attention 
(and therefore program a saccade) to the upcoming target location. However, it is less clear 
what happens when attention (and therefore a saccade) was prepared to a location which 
turned out to be invalid. The endogenously prepared saccade needs to be cancelled, and 
attention needs to be shifted to the invalid location. The question is whether this shifting of 
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attention to the invalid location involves activation in the saccade map such that the eyes now 
deviate away from the invalidly cued location. 
 
Method 
 
Participants: Eight observers, aged between 19 and 23 years old, served as paid volunteers. 
All participants were female. All reported having normal or corrected-to-normal vision. They 
were naïve as to the purpose of the experiment. 
Stimuli, Procedure, Design and Data analysis: The current experiment was similar to 
Experiment 1 except that in addition to the target letters ‘E’ and ‘S’ also an ‘H’ could be 
presented at the cued or uncued location. Again, participants were required to respond 
manually to the letters ‘E’ and ‘S’. When the participants identified the ‘H’, they had to 
saccade to the plus character positioned straight above the fixation point. In this experiment, 
the ‘H’ character replaced the beep signal and could be seen as the ‘go-signal’ for the eye 
movement. There was a 60% chance that the ‘E’ or the ‘S’ character appeared on the cued 
location. In 20% of the cases one of these two letters appeared on the uncued location. In 
the remaining 20% of the cases the ‘H’ character was presented, which in 50% of the cases 
appeared at the cued and in 50% of the trials was presented at the uncued location. The cue 
signal disappeared on letter onset. The experiment consisted of a training session of 24 trials 
and an experimental session of 480 trials.  
 
Results 
 
The prerequisites made on saccade latency, response time, saccade amplitude, saccade 
deviation and saccade classification led to the average loss of 14.0% of trials. See Table 6.2 
for all results. Response times were faster for letters presented at the validly cued than at the 
invalidly cued location (t(7) = 8.56, p < 0.001). The mean response time for letters at the 
validly cued location was 476 ms (st dev = 130 ms) whereas this was 528 ms (st dev = 139 
ms) for letters at the invalidly cued location.  
There was no significant difference in percentage correct on letter identification for valid 
and invalid location cueing conditions (mean = 93% correct, t(7) = 0.39, p > 0.70). 
With respect to saccade latencies, eye movements were faster when the go-signal was 
presented at the validly cued location (mean = 494 ms, st dev = 56 ms) than at the invalidly 
cued location (mean = 530 ms, st dev = 61 ms). This difference was statistically significant (t(7) 
= 8.49, p < 0.0001). 
Separate deviations were calculated according to whether an eye movement was triggered 
by a go-signal at the validly cued or at the invalidly location. Deviation differences revealed a 
significant difference from zero for eye movements triggered by a go-signal at the cued 
location (t(7) = 5.13, p < 0.01). In this condition, eye movements deviate away from the cued 
location (mean = -0.19 rad, st dev = 0.11 rad). If the eye movement was triggered by a go-
signal at the invalidly cued location, there was no reliable difference from zero (mean = 0.049 
rad, st dev = 0.11 rad, t(7) = 1.30, p > 0.20). A comparison of both conditions showed that 
they were significantly different (t(7) = 3.34, p < 0.02). See Figure 6.2 a plot of mean 
trajectories of one participant. 
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 Valid location Invalid location 
Manual Response Time 476 ms 528 ms 
Accuracy 93% 94% 
Saccade Latency 494 ms 530 ms 
Saccade Deviation -0.19 rad * 0.05 rad 
 
Table 6.2: Experiment 2: Manual Reaction Time, Saccade latencies and Saccade deviations for targets 
presented at validly and invalidly cued locations. (*) indicates deviation values significantly different 
from zero. 
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Figure 6.2: Mean eye movement trajectories for one observer. Trajectories were averaged for left-side 
trials. Separate trajectories are plotted for valid and invalid trials. The cue and possible target locations 
are also indicated, although not drawn to scale. 
 
Discussion 
 
As Experiment 1, the current experiment shows a classic Posner cueing effect on manual RT. 
Manual RT to targets presented at a cued location were faster than to targets presented at 
uncued location. In addition, the current findings elegantly show a similar effect on saccade 
latencies. When the imperative stimulus to execute a saccade is presented at a cued location, 
saccades are initiated faster than when the imperative stimulus appears at an uncued location.  
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Our measure of saccade deviation shows only an effect when the imperative stimulus 
appears at the cued location. Indeed, the eyes deviate away from the validly cued location but 
not from the invalidly cued location. The question is why there is no saccade deviation away 
from the invalidly cued location, although participants respond accurately to the letter targets. 
If spatial attention and eye movement are closely coupled one would expect that also in the 
invalid cue condition saccade would deviate away but now away from the uncued condition. 
There are a number of possible locations. First, it should be noted that spatial attention to the 
cued location was sustained for a long period during the cue target interval, whereas it moved 
to the uncued location online. Second, one way to explain these findings is to assume that 
saccade deviations are purely the result of the endogenous allocation of attention in response 
to the cue (as in our Experiment 1), and not so much the result of target processing. Both in 
Experiment 1 and 2 we found saccade deviations for the cued location. It is feasible that 
directing attention in response to the cue results in enough activity within the oculomotor 
system to observe saccade deviations. If true, the exact location of the target does not 
influence the saccade deviation, because this deviation is only observed in response to the 
cue. 
However, we should consider one other alternative possibility. If spatial attention was 
necessary to process the target at the invalid location, it is feasible that some residual 
attention remains at the cued location thereby canceling out the attention generated at the 
invalidly cued location. Indeed, recent work by McSorley, Haggard & Walker (2004) shows 
that when a vertical saccade has to be made in the presence of two distractors presented at 
mirrored locations in both the left and the right hemifield, saccade trajectories tend to be 
straight. The current result of a straight vertical saccade in the invalid cue condition could very 
well be explained by activation at both the valid and invalid mirrored locations.  
To test this possibility, we conducted a third experiment in which the cued and uncued 
target locations were presented in the upper and lower visual fields. For example, the cued 
location would be in the upper right field while the uncued location would be in lower left 
visual field. The saccades which we used to determine the saccade trajectory deviations would 
either be made to the upper visual field (in this example reflecting the deviation caused by the 
cued location) or the lower visual field (reflecting the deviation caused by the uncued 
location). Because the cued and uncued location were no longer within the same upper or 
lower visual field the activations within the saccade map will no longer influence each other. 
When the to-be-inhibited vector is remote and also in the opposite upper or lower hemifield, 
the resulting vector will not be affected. For instance, Doyle and Walker (2001) did not find an 
effect of an irrelevant distractor in the opposite hemifield. Moreover, the deviation is only 
present when the attended location is close to the saccade goal (Van der Stigchel et al., in 
press). 
 
Experiment 3 
 
Experiment 3 had the same setup as Experiment 2 except that the possible target locations 
were changed (see Figure 6.2). Cued and uncued locations were positioned on the diagonals. 
Thus, when the upper-right location was cued, the invalid target location was the lower-left 
position, and vice versa. In addition, when the upper-left location was cued, the lower-right 
location was the uncued position. Moreover, participants either made a saccade to the upper 
or to the lower visual field. When the imperative stimulus for the saccade was presented at 
one of the two lower field positions, a vertical saccade to the lower visual field had to be 
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made. If the imperative stimulus was presented to the upper visual field, a vertical saccade to 
the upper visual field had to be made.  
 
 
Method 
 
Participants: Nine observers, aged between 16 and 32 years old, served as paid volunteers. 
All participants were female. All reported having normal or corrected-to-normal vision. They 
were naïve as to the purpose of the experiment. 
Stimuli, Procedure, Design and Data analysis: See Figure 6.3 for an illustration of the display 
sequence. In the current experiment, four pattern masks were presented that were positioned 
around the central fixation point on an imaginary circle of radius 6.85º. Further, a line cue 
appeared pointing in the direction of one of the four pattern masks. A delay of 800-1300 ms 
then occurred followed by the disappearance of the cue. Simultaneously with this change, a 
letter character replaced either the pattern mask the line cue was pointing to or the pattern 
mask positioned diagonal of this element (the uncued location). The remaining two pattern 
masks did not change. 
The probabilities were the same as in the previous experiment. Participants were instructed 
that the letters mostly appeared at the cued location and that in some trials the letter 
appeared at the uncued location. The experiment consisted of a training session of 24 trials 
and an experimental session of 984 trials. For data analyses, the same prerequisites as in 
Experiment 2 were applied. 
 
Time since beginning trial
600 ms0 ms 1400 - 1900 ms 1600 - 2100 ms  
 
Figure 6.3: Example of the display sequence in Experiment 3. Each trial started with the presentation 
of a fixation screen. After 600 ms, a central cue indicated the likely target location. The interval 
between the cue and the target was 800-1300 ms after which the target was presented for 200 ms. 
The target letter could either appear at the cued location or at the location positioned diagonal from 
the cued location. Participants were required to remain fixated during the whole trial sequence and to 
indicate as fast as possible which letter was presented. In the small number of trials, a ‘H’ was 
presented at the cued or the uncued location which indicated that the participant had to make an eye 
movement either straight up or straight down to the marker. Which movement was required 
depended on the location of the letter ‘H’ (the go-signal): if it was presented at one of the two upper 
locations, an upward saccade had to be executed. However, if the go-signal was presented at one of 
the two lower locations, a downward saccade had to be made. 
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Results 
 
The prerequisites made on saccade latency, response time, saccade amplitude, saccade 
deviation and saccade classification let to the average loss of 19.5% of trials. See Table 6.3 for 
all results.  
Response times were faster for letters presented at the validly cued than at the invalidly 
location (t(8) = 8.00, p < 0.001). The mean response time for letters at the cued location was 
492 ms (st dev = 54 ms) whereas this was 570 ms (st dev = 67 ms) for letters at the uncued 
location.  
There was no significant difference in percentage correct on letter identification for valid 
and invalid cue conditions (mean = 95% correct, t(8) = 1.92, p > 0.05). 
With respect to saccade latencies, eye movements were faster if the go-signal was 
presented in the validly cued location (mean = 646 ms, st dev = 112 ms) than at the invalidly 
cued location (mean = 672 ms, st dev = 113 ms). This difference was statistically significant 
(t(8) = 2.46, p < 0.05). 
Before calculating saccade deviations, saccades to the upper and lower visual fields were 
collapsed. Then, saccade deviations were calculated according to whether an eye movement 
was triggered by a go-signal at the cued or at the uncued location. Deviation differences 
revealed a significant difference from zero for eye movements triggered by a go-signal at the 
cued location (t(8) = 2.58, p < 0.05). In this condition, eye movements deviate away from the 
cued location (mean = -0.06 rad, st dev = 0.07 rad). If the eye movement was triggered by a 
go-signal at the uncued location, there was no reliable difference from zero (mean = 0.00 rad, 
st dev = 0.08 rad, t(8) = 0.07, p > 0.90). A comparison of both conditions showed that they 
were significantly different (t(8) = 3.45, p < 0.01). 
 
 Valid location Invalid location 
Manual Response Time 492 ms 570 ms 
Accuracy 95% 94% 
Saccade Latency 646 ms 672 ms 
Saccade Deviation -0.06 rad * 0.00 rad 
 
Table 6.3: Experiment 3: Manual Reaction Time, Saccade latencies and Saccade deviations for targets 
presented at validly and invalidly cued locations. (*) indicates deviation values significantly different 
from zero. 
 
Discussion 
 
As Experiment 2, the current experiment shows a classic Posner cueing effect both on manual 
RT and saccadic latencies. By presenting cued and uncued targets in the different half-fields, 
we ensured that the oculomotor activity at the cued location could not cancel out the 
oculomotor activity at the uncued location when processing the invalidly cued target. Even 
though we implemented these conditions, our data indicate that processing at the uncued 
location did not result in enough oculomotor activity to cause the eyes to deviate from the 
uncued location. These findings suggest that it may not be the actual processing of the target 
at cued or uncued locations that causes the deviation but the endogenous direction of 
attention in response to the cue. This may suggest that directing attention in response to a 
cue is functionally different than directing attention needed to process a target letter. This 
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would imply that the endogenous directing of the attention to a location in space in response 
to a cue is different than directing attention to location in space in order to process a target.  
Even though this is feasible, such a conception would theoretically be somewhat 
unsatisfactory. An alternative interpretation would be that there should be enough attentional 
resources at a particular location in order to observe saccade deviations. It is possible that the 
task of letter discrimination was too easy so that participants did not have to strongly focus 
their spatial attention. Obviously, this lack of focusing would only occur at the invalid cue 
condition; in the valid cue condition it is expected that participants focus their attention in 
response to the predictive cue. To test this idea, we made the letter discrimination task more 
difficult. If our hypothesis is correct that a minimum amount of attention at a particular 
location is necessary to obtain saccade deviation and our manipulation of making the letter 
discrimination task harder is successful we expect to find saccade deviations also for targets 
presented at the uncued location.  
 
Experiment 4 
 
The present experiment had the same set-up as Experiment 3. The only difference was that 
the letter discrimination task was made more difficult. The presentation time of the target was 
now 100 ms instead of 200 ms. Furthermore, all elements were presented with less luminance 
making it harder for the participants to recognize the letters.  
 
Method 
 
Participants: Nine observers, aged between 19 and 31 years old, served as paid volunteers. 
Eight of the participants were female. All reported having normal or corrected-to-normal 
vision. They were naïve as to the purpose of the experiment. 
Stimuli, Procedure, Design and Data analysis: The current experiment was similar to 
Experiment 3 except for the luminance of the different elements and the target duration. The 
fixation point and the cue were presented in darker gray than in the previous experiments (CIE 
x,y chromaticity coordinates of .280/.314; 6.5 cd/m2). Furthermore, the gray color of the 
pattern masks and the letters was more dark than the other elements in the visual display (CIE 
x,y chromaticity coordinates of .280/.314; 4.6 cd/m2). The target letter was presented for 100 
ms. 
Results 
 
The prerequisites made on saccade latency, response time, saccade amplitude, saccade 
deviation and saccade classification let to the average loss of 17.0% of trials. See Table 6.4 for 
all results.  
Response times were faster for letters presented at the validly cued than at the invalidly 
cued location (t(8) = 3.08, p < 0.02). The mean response time for letters at the cued location 
was 583 ms (st dev = 122 ms) whereas this was 625 ms (st dev = 91 ms) for letters at the 
uncued location.  
There was no significant difference in percentage correct on the letter identification task 
for letters presented at the cued or at the uncued location (mean = 87% correct, t(8) = 1.03, 
p > 0.30).  
With respect to saccade latencies, eye movements were faster initiated if the go-signal was 
presented in the cued location (mean = 585 ms, st dev = 121 ms) than for the uncued 
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location (mean = 633 ms, st dev = 157 ms). This difference was statistically significant (t(8) = 
2.58, p < 0.04). 
Saccade deviation differences revealed a significant difference from zero for eye 
movements triggered by a go-signal at the cued location (t(8) = 6.61, p < 0.001). In this 
condition, eye movements deviate away from the cued location (mean = -0.12 rad, st dev = 
0.05 rad). If the eye movement was triggered by a go-signal at the uncued location, there was 
also a reliable difference from zero (mean = -0.05 rad, st dev = 0.05 rad, t(8) = 2.98, p < 
0.02). A comparison of both conditions showed that these were significantly different (t(8) = 
9.23, p < 0.0001). Note both deviations are negative indicating the eyes deviate away from 
the cued but also away from the uncued location.  
 
 Valid location Invalid location 
Manual Response Time 583 ms 625 ms 
Accuracy 88% 86% 
Saccade Latency 585 ms 633 ms 
Saccade Deviation -0.12 rad * -0.05 rad * 
 
Table 6.4: Experiment 4: Manual Reaction Time, Saccade latencies and Saccade deviations for targets 
presented at validly and invalidly cued locations. (*) indicates deviation values significantly different 
from zero. 
 
Discussion 
 
In line with the previous experiments, we found again the classic Posner cueing effect both for 
manual and saccadic responses. In addition, our manipulation to make the letter 
discrimination task more difficult was successful. Manual RTs were about 80 ms slower than in 
Experiment 3 and the accuracy rate dropped from 94% to 87%. 
In line with Experiment 2 and 3, the saccades deviated away from the cued location on 
valid trials. More importantly however the eyes also deviated away from the uncued location 
on invalid trials. Obviously, our manipulation of making the letter discrimination task harder 
resulted in more attention to be allocated to the invalidly cued location. The results suggest 
that when enough attention needs to be focused at the location of the target one will obtain 
saccade deviation even at the uncued location. 
Although eye movements deviated away from the uncued location, deviations away from a 
target location were higher for valid than for invalid trials. This implies that more attentional 
resources were allocated at the cued than at the uncued location. It is important to note that 
the strength of saccade deviation may turn out to be an important measure that can reveal 
the amount of attention that is allocated to any particular location in time.  
 
General Discussion 
 
In the present study, a classic Posner cueing task was used in which participants had to direct 
covert attention to a location in space. In all four experiments, we found the classic 
endogenous cueing effects both for manual RTs and saccadic latencies. More importantly, 
even though participants were required to only direct covert attention to the cued location, 
we found that under these conditions the oculomotor system was also involved. More 
specifically, on those trials in which a saccade had to be made straight up or down, the eyes 
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deviated away from the cued location. In other words, the allocation of covert attention to the 
cued and uncued location resulted in eye movements that deviated away from this location.  
It is important to note that our Experiment 4 shows that the eyes also deviate away from 
stimuli appearing at the uncued location. This implies that the oculomotor system is not only 
involved during the endogenous direction of covert attention to the cued location, but also 
after covert attention was allocated to the uncued location. It appears that the oculomotor 
system is activated wherever spatial attention is allocated. It should be realized that there is 
never a need to have oculomotor activity at the cued and uncued location because on those 
few trials in which a saccade was required, the saccade never had to be directed to either the 
cued or uncued location. Overall, these findings provide strong evidence for the premotor 
theory of attention (Rizzolatti et al., 1987; Rizzolatti et al., 1994), which suggests that shift in 
of covert attention are a by-product of the preparation an eye movement. So even though 
there was no need to program an eye movement to the cued location, according to this 
theory directing spatial attention always involves the oculomotor system. Note that there was 
not only no need to make a saccade, participants were explicitly instructed to keep the eyes 
on the fixation point. Along the lines of the premotor theory, the cueing effect on manual RTs 
and saccade latencies and the observed saccade deviation relative to the uncued location 
represent the process of canceling the saccade to the cued location and programming a new 
saccade to the uncued location. In terms of the premotor theory, saccade deviations from the 
uncued location were expected because covert attention is a by-product of the preparation of 
a saccade.   
It is important to note that our Experiment 1 showed that saccade deviations were 
observed in conditions in which nothing was processed at the location to which attention was 
directed. This is an important finding since it suggests that even in a task which is basically a 
classic manual RT Posner task which only requires the allocation of covert attention, the 
endogenous shift of attention (without the need to process anything) is enough to generate 
oculomotor activation. This finding suggests that even when only covert attention is directed 
to a location in space, the oculomotor system is involved. These findings seem inconsistent 
with some of the conclusions of a study by Rafal, Calabresi, Brennan, & Sciolto (1989) 
investigating the role of the oculomotor system in the generation of Inhibition of Return (IOR). 
In one of conditions of Rafal et al. (1989) a central (endogenous) cue required participants to 
direct covert attention to a peripheral location in space. There were two types of instructions. 
In one condition, participants were instructed to covertly direct attention to the cued location 
and to prepare a saccade to the location; in the other condition, participants only had to 
direct covert attention. Rafal et al. (1989) showed the occurrence of IOR in the former but not 
in the latter type of instructions. In other words, with central cues, IOR was observed when a 
saccade had been prepared or executed to the cued location but not when only covert 
attention had been directed to the cued location. The conclusion was that IOR only occurs 
when the oculomotor system is activated and IOR did not occur in conditions in which 
participants only directed covert attention to the cued location. Given this conclusion of Rafal 
et al (1989), it is implicitly assumed that the oculomotor system is not activated when only 
covert attention is directed to a location in space. Our findings show however that this implicit 
assumption may not be correct and that even during covert endogenous orienting of 
attention the oculomotor system is involved. This conclusion is in line with a recent study by 
Theeuwes et al (2005) who showed that even only remembering the location of an object can 
affect the eye movement system (see also, Theeuwes et al., 2006). Theeuwes et al. (2005) 
showed that the eyes deviated away from a location that was kept in spatial working memory. 
These findings led to the conclusion that the process of remembering a certain location may 
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be the same as the process of programming an eye movement to that location, a claim that 
extends the premotor theory of attention.  
Overall, the current study provides strong evidence that the oculomotor system is involved 
in the classic Posner endogenous cueing task. The results are in line with the premotor theory 
of attention (Rizzolatti et al., 1987; Rizzolatti et al., 1994). The results are inconsistent with 
the more classic theories of spatial attention that assume that covert and overt attention are 
not necessarily linked (Hunt & Kingstone, 2003a, 2003b; Posner & Dehaene, 1994; Posner & 
Petersen, 1990). In line with the premotor theory of attention, we assume that in our 
experiments, the central cue indicating the location of the upcoming target elicited a motor 
program toward the expected location. This program specifies the direction and the amplitude 
of a saccade that --in our experiments-- never needs to be executed. According to the 
premotor theory, the presence of this motor program has two effects: (1) through backwards 
connections the location of the expected stimulus becomes more salient, and (2) one can 
respond faster to stimuli presented at that location. The ability to respond faster not only 
holds for saccades, it also extends to more classic responses such as a manual RT. The notion 
that the presence of a motor program towards the cued location increases the salience of 
stimuli presented at the location fits very well with the classic spotlight of attention notion 
that assumes that attention can enhance the efficiency of processing (e.g., Posner, 1980; 
Posner et al., 1978). In line with this notion, Carrasco, Ling and Read (2004) recently showed 
that location cueing alters the apparent stimulus contrast. These results imply that directing 
spatial attention results in a greater neuronal sensitivity (i.e., a decreased threshold), changing 
the strength of the stimulus by increasing its salience.  
The premotor theory can also explain the delayed manual and saccadic responses to 
uncued locations. According to the premotor theory, a response can only be emitted after a 
new motor program has been set up. Thus for invalid trials, the original motor program 
towards the cued location needs to be cancelled and a new program towards the uncued 
location has to be set up. Obviously, this takes time causing delayed responding both for 
manual and saccadic responses. 
Although the current study supports for a strong link between covert attention and eye 
movements, the direction of the relationship is largely unknown. Only recently, it was 
investigated whether there is a possible causal relationship between the capacity to perform a 
saccade and the capacity to orient attention (Craighero et al., 2001; Craighero et al., 2004). 
Participants were tested in a standard Posner cueing task with the eyes rotated in the orbit. In 
this set-up, because the eyes were fully rotated to one of the temporal sides, participants 
could not make an eye movement toward the temporal hemifield. It must be noted that visual 
acuity of the target locations was not affected in this experiment. In this condition participants 
were unable to direct their attention to the temporal hemifield as indicated by the lack of 
difference between valid and invalid trials (Craighero et al., 2004). These results indicate that 
when an eye movement can not be executed, attention can also not be allocated, which 
seems to point at a causal relation between attention and eye movements.  
There is also ample neurophysiological evidence for a connection between spatial attention 
and eye movements (e.g., Kustov & Robinson, 1996). For example, Corbetta and colleagues 
(1998) showed overlapping activation in both parietal and frontal lobes in conditions in which 
participants either shifted attention or shifted the eyes (see also, Nobre et al., 2000a). 
Furthermore, microstimulation of the FEF, an area involved in saccade preparation (Bruce et 
al., 1985), enhances visual excitability and attention (Armstrong et al., 2006; Moore & 
Armstrong, 2003; Moore & Fallah, 2004). More recently, Müller et al. (2005) showed a similar 
result for the superior colliculus, a subcortical oculomotor structure (Moschovakis, 1996). Also, 
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transcranial magnetic stimulation (TMS) in humans affected the neural activity evoked by 
visual stimuli (Taylor et al., in press). These studies all point to a link between spatial attention 
and eye movements. On the other hand, there is heavy debate whether i.e. the lateral 
intraparietal area known to be involved in visual attention (Colby et al., 1996; Robinson et al., 
1995), is also directly involved in the generation of eye movements (Bisley & Goldberg, 2003; 
Goldberg et al., 2002). 
Saccade trajectory deviations are assumed to reflect the competition between the different 
possible target locations within intermediate layers of the superior colliculus (SC), a midbrain 
oculomotor structure involved in encoding stimuli as potential saccade targets (for a review 
see, Van der Stigchel et al., 2006). The SC is a lower level structure which operates as a motor 
map for the generation of eye movements. Its intermediate layers have direct projections to 
and from the posterior parietal cortex (Pare & Wurtz, 1997), a region closely related to 
attentional selection. Competitive interactions within SC have been shown to operate 
between separate populations of neural activation, and are central to models of saccade 
deviation effects (Arai & Keller, 2005; Godijn & Theeuwes, 2002b; McPeek et al., 2003; 
McSorley et al., 2004). McPeek and colleagues (2003) showed that, when a saccade deviated 
towards a distractor during visual search, there was increased pre-saccadic activity at the 
location of the distractor in the SC. Also, micro-stimulation of the SC below the threshold for 
saccade generation caused saccades to deviate towards the stimulated location, and the 
magnitude of this deviation correlated with the activity induced at the stimulated location.  
The observed saccade deviations in the current study can be understood in terms of the 
competitive integration model suggested by Godijn and Theeuwes (Godijn & Theeuwes, 
2002b; Godijn & Theeuwes, 2004; Theeuwes & Godijn, 2004). It is assumed that saccade 
trajectory deviations are caused by location-specific inhibition applied to a spatial map in 
which saccade programming occurs (a saccade map). The competitive integration model 
assumes that the SC represents the saccade map even though other structures such as the FEF 
and the supplementary eye field (SEF) could serve the same function (e.g., Schall et al., 2002). 
In our experiment, the mere allocation of endogenous attention to the cued location results in 
activity in the oculomotor map. In most trials, this endogenous allocation of attention is 
sufficient to discriminate between the target letters and to generate the appropriate manual 
response. When --in those 20% of trials-- a saccade has to be executed, the eyes start moving 
in the direction of the mean vector of activity within the saccade map. Because there is 
oculomotor activation at the cued location, location specific inhibition has to be applied to 
ensure that the eyes go up and not to the cued location. The location specific inhibition results 
in sub-baseline level of activation within the saccade map. This sub-baseline level of activation 
is reflected in a saccade trajectory deviation away from the inhibited location. Evidence for this 
idea has been provided by Aizawa and Wurtz (1998), who found similar saccade trajectory 
deviations after local inactivation of a region of the SC.  
For invalid trials, the same processing occurs. Because the stimulus appears at the uncued 
location, spatial attention is directed to the uncued location. Once attention resides at the 
uncued location, oculomotor activity is generated at that location. Or in terms of the premotor 
theory, once a new saccade program has been set up for the invalid location, spatial attention 
as a by-product of oculomotor programming resides at the uncued location. Because in some 
trials, a saccade has to be made, the oculomotor activation has to be inhibited causing sub-
baseline activation which is reflected in saccade deviations away from the uncued location. 
The strength of inhibition that needs to be applied depends on the level of activation of the 
to-be-inhibition location. In our Experiment 4, the eyes deviated away stronger from the cued 
(-0.12 rad) than from the uncued (-0.05 rad) location suggesting that the activation at the 
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cued location was much stronger than the activation at the uncued location. This may not be 
surprising because attention was directed to the cued location during the cue interval and the 
cued location had a three times higher validity than the uncued location. The important point 
is that the more oculomotor activation is generated at a location in space the stronger 
inhibition has to be applied causing larger saccade deviations. These findings are consistent 
with a study of Godijn and Theeuwes (2004) in which participants had to ignore exogenous 
cues. They showed that more salient exogenous cues (such as an abrupt onset) resulted in 
larger trajectory deviations than less salient cues (such as a color singleton). 
In sum, whether one believes that covert spatial attention is a “spotlight” that can travel 
and can enhance the efficiency of the detection of events within its beam (Posner, 1980) or 
whether one believe that spatial attention is a by-product of oculomotor programming 
(Rizzolatti et al., 1987; Rizzolatti et al., 1994), the current findings add to the growing body of 
literature that shows that the attentional and oculomotor system are strongly related both at 
the behavioural (e.g., Godijn & Theeuwes, 2002b; Godijn & Theeuwes, 2004; Theeuwes et al., 
2005; Van der Stigchel & Theeuwes, 2005a) and the neural level (e.g., Corbetta et al., 1998). 
 
  
Chapter Seven 
Our Eyes Deviate Away from a Location Where  
a Distractor Is Expected to Appear 
 
 
 
 
 
Abstract 
 
Previous research has shown that in order to make an accurate saccade to a target object, 
nearby distractor objects need to be inhibited. The extent to which saccade trajectories deviate 
away from a distractor is often considered to be an index of the strength of inhibition. The 
present study shows that the mere expectation that a distractor will appear at a specific 
location is enough to generate saccade deviations away from this location. This suggests that 
higher order cognitive processes such as top-down expectancy interact with low level 
structures involved in eye movement control. The results will be discussed in the light of 
current theories of target selection and possible neurophysiological correlates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., & Theeuwes, J. (2006). Our eyes deviate away from a location where a 
distractor is expected to appear. Experimental Brain Research, 169, 338-349. 
Eye movement trajectories and what they tell us 
 
| 94 
Fast saccadic eye movements typically show a curved trajectory (e.g., Erkelens & Sloot, 1995; 
Minken et al., 1993; Viviani et al., 1977). Even though the saccade curvature as a 
phenomenon may be interesting, the extent to which saccadic curvature is modulated by 
events that occur in the environment is more important, because it can inform our 
understanding of processes involved in saccade target selection. For example, in the so-called 
double-step task (Becker & Jürgens, 1979; Levy-Schoen, 1969) in which a second onset target 
appears after the first onset target, the eyes deviate in the direction of the second onset. 
Saccade deviations away from an attended location were described by Sheliga and 
colleagues (Sheliga et al., 1994, 1995b). These studies were executed to provide support for 
the premotor theory (Rizzolatti et al., 1987; Rizzolatti et al., 1994). According to this theory 
the mechanisms involved in saccade programming are basically the same as those involved in 
directing spatial attention. In their experiments, it was examined whether directing attention 
to a spatial location influences the trajectory of a predetermined saccade. Results revealed that 
the trajectory of an eye movement deviated away from the location to which attention was 
endogenously directed (also see Van der Stigchel & Theeuwes, 2005a). The results provided 
strong evidence for the premotor theory because they indicated that directing spatial 
attention leads to activation within the oculomotor system. 
Subsequent studies showed that the eyes not only deviate away from locations to which 
attention is directed in a voluntary fashion like in the Sheliga et al studies, but also deviated 
away from a task-irrelevant stimulus onset (Doyle & Walker, 2001). This finding indicated that 
the prior voluntary allocation of covert attention is not responsible for trajectory deviations. 
Instead it appears that modifications of the saccade trajectory are the result of competitive 
interactions operating between saccade programs (McPeek et al., 2003). Furthermore, 
saccade deviations were not only observed for voluntary eye movements but also for reflexive 
saccades (Doyle & Walker, 2001) which shows that the modification of saccade trajectories is 
not solely a consequence of voluntary control, but also can be observed as a result of reflexive 
behavior. Similar results were obtained with the oculomotor capture paradigm (Theeuwes et 
al., 1998) in which dependent on the condition eye movement trajectories to the target 
location either deviated towards or away from the onset distractor (Godijn & Theeuwes, 
2002b).  
Saccade deviations can be explained by the so-called vector theory which is assumed to 
account for the initial direction of both hand and eye movements (e.g., Sheliga et al., 1994; 
Tipper et al., 1997). According to this theory a possible target location is represented by a 
large population of neurons that encode the target vector. The value of such a vector is 
related to the salience of the corresponding object. When two objects are positioned in close 
proximity, the vectors are combined to one mean vector which will point to an intermediate 
position. In order to facilitate correct responding, competition between the two active 
responses has to be resolved by inhibiting one of them. Inhibitory selection of one target over 
the other may shift the vector in such a way that it affects the final response to the target. The 
amount of deviation is related to the inhibition applied to the cancelled vector: the stronger 
the inhibition, the greater the deviation away will be. 
The source of target selection is supposed to be achieved by two inhibitory mechanisms 
(Tipper et al., 1997). The first mechanism makes use of lateral inhibition between direction 
coding cells within the motor map (Georgopoulos, 1995). Direction coding cells are grouped 
in such a fashion that they are positioned near cells coding the same direction. Because each 
cell has excitatory connections to cells that are near and inhibitory connections to more distant 
cells (Munoz & Istvan, 1998), activated target cells can inhibit distractors (Tipper et al., 2000). 
If distractor activity is too high, this mechanism is not sufficient to resolve response conflict. In 
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this situation, a second mechanism can suppress the distractor activity by ‘reactive feedback’ 
(Houghton & Tipper, 1994). The level of inhibition is related to the amount of activity of the 
distractor and can lead trajectories to deviate away from the distractors. 
In the described theories of Tipper et al. and Sheliga et al. inhibitory mechanisms play an 
important role. There are not many behavioral eye movement studies that address the nature 
of the inhibitory mechanisms. The exact location of a distractor has only shown to have a 
weak effect on the amount of inhibition in eye movement studies (McSorley et al., 2004; 
Sheliga et al., 1994). There is, however, an influence of target similarity in that objects that 
share features with the target element receive larger inhibition than objects that are different 
from the target (Ludwig & Gilchrist, 2003). 
The main goal of the present study was to systematically investigate the role of top-down 
(endogenous) factors on saccade trajectories. More specifically, we addressed the question 
whether the mere expectation that a distractor could appear at a specific location would 
influence the saccade trajectories. Furthermore we wanted to determine whether a location at 
which no physical object is present can nonetheless be inhibited. To study the effect of 
expectancy, the design of the two experiments was such that it was likely that a distractor 
would be present in a known location. In both experiments a saccade target was presented. In 
80 percent of the trials a distractor was presented (the distractor present condition). In the 
remaining 20 percent of the trials no distractor was presented (distractor absent condition). 
Observers were instructed to make a fast eye movement towards the target and ignore the 
distractor. The locations of the target and the distractor were known to the observer in 
advance. In Experiment 1 the location of this distractor was always the same, in Experiment 2 
this location was cued by an endogenous, central cue. Eye movements were monitored and 
saccade deviation was computed by subtracting the amount of deviation in the distractor 
present and absent condition with a baseline condition in which only a target was present. In 
this baseline condition, a distractor was never present producing a condition in which 
observers never expected a distractor.  
One may distinguish three possible outcomes: If there is no deviation away in the condition 
in which the distractor is expected but not presented (the distractor absent condition), it 
would indicate that mere endogenous expectancy of the appearance of a potential distractor 
is not reflected in eye movement trajectories. If, however, in this condition deviation away 
from the distractor location is observed it would imply that inhibition can be applied to a 
location at which no actual object is present. This would indicate that inhibition can be 
applied to locations that do not contain an actual object. Finally, if there is deviation away in 
the condition in which a distractor is expected (the distractor absent condition), but the 
deviation away in the condition in which a distractor is present is larger, this would indicate 
that both endogenous and exogenous activity are reflected in saccade trajectories and these 
effects summate. The endogenous inhibition is then applied because of the expectancy of an 
upcoming distractor, while exogenous inhibition is driven by the presentation of the distractor 
onset. 
 
Experiment 1 
 
In the first experiment, participants were instructed to make a fast eye movement towards an 
onset target. The target location was cued by a central arrow that appeared prior to target 
presentation. In 80 percent of the trials a distractor appeared simultaneously with the target. 
For each observer, this location was fixed across the whole experiment and participants were 
instructed in advance where the distractor, if it would be present, would appear. In the 
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remaining 20 percent no distractor was present. To examine the influence on the saccade 
trajectory and to determine the standard trajectory of the participant’s eye movement, a 
baseline condition was included in which there was no distractor during the whole session. 
 
Method 
 
Participants: Ten students of the Vrije Universiteit, aged between 18 and 35 years old, 
served as paid volunteers. Three of the participants were male. All reported having normal or 
corrected-to-normal vision and were able to discriminate the colors used in the experiment. 
They were naïve as to the purpose of the experiment. All persons gave their informed consent 
prior to their inclusion in the study. The study was approved by the appropriate Ethics 
Committee and was therefore performed in accordance with the ethical standards laid down 
in the Declaration of Helsinki. 
Apparatus: A Pentium II computer with a processor speed of 450 MHz controlled the 
timing of the events and recorded response times. Displays were presented on a Philips 21’’ 
SVGA monitor with a resolution of 1024 x 768 pixels and an 85-Hz refresh rate. A second 
computer controlled the registration of the eye movements’ data on-line. Eye movements 
were registered by means of an Eyelink tracker (SensoMotoric Instruments GmbH, Teltow, 
Germany). The system computes the pupil size and pupil center of both eyes using an infrared 
video-based tracking technology. The Eyelink system has a 250 Hz temporal resolution and an 
accuracy probability of 0.5°. Both eyes were monitored, but only data from the left eye was 
analyzed. An eye movement was considered a saccade either when the movement velocity 
exceeded 35°/s or when the movement acceleration exceeded 9500°/s2. Although the system 
compensates for head movements, the participant’s head was stabilized using a chin rest. The 
distance between monitor and chin rest was 75 cm. Participants performed the experiment in 
a sound-attenuated and dimly lit room. 
Stimuli: See Figure 7.1a for an illustration of the display sequence. All figures were 
presented in light gray (CIE x,y chromaticity coordinates of .291/.314; 26.4 cd/m2) on a black 
background (0.0 cd/m2). Each trial started with the presentation of a ‘star’ character (0.27° x 
0.27°) in the center of the screen which functioned as the fixation stimulus. After 600 ms an 
arrow (0.81° x 1.08°) appeared at fixation position pointing up or down. A delay of 800-1300 
ms then occurred followed by the onset of a light gray filled circle with a diameter of 0.54°. 
The onset location was related to the direction of the pointing arrow: if the arrow was 
pointing upward, the circle was presented 6.76° above the fixation point. If the arrow was 
pointing downward, the onset was presented 6.76° under the fixation point. In 80% of the 
trials, a diamond shape distractor (0.81° x 0.81°) appeared simultaneously with the target 
positioned 4.82° to the left (if the target was on the top of the screen) or the right (if the 
target was on the bottom of the screen) of the target. This element was placed x = ± 3.81°, y 
= ± 3.81° from the fixation point. This was counterbalanced across subjects. Figure 7.1b 
shows the possible target and distractor locations. The sequence of trials was randomly 
assigned to each participant. 
Procedure and design: Participants received oral instructions before starting the 
experiment. They were instructed to fixate the center fixation point and the arrow well until 
they detected an onset and to move their eyes to the target element. It was stressed that one 
had to make a single accurate saccade towards the target element and that the distractor, if 
present, was always presented on the same location. This location was revealed to the 
observers prior to the experimental session. Participants heard a short tone when the saccade 
latency was higher than 600 ms. The experiment consisted of a training session of 24 trials 
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and an experimental session of 600 trials. Each session started with a nine-point grid 
calibration procedure. Participants were required to saccade towards nine fixation points 
sequentially appearing at random in a 3 x 3 grid. In addition, simultaneously fixating the 
center fixation point and pressing the space bar recalibrated the system by zeroing the offset 
of the measuring device at the start of each trial. 
 
 
 
 
Figure 7.1: Sequence of frames on a given trial in Experiment 1. After 600 ms the central fixation 
point was replaced by an arrow pointing to the target location. After a variable period of 600 to 1300 
ms the target appeared. In 80 percent of the trials a distractor was presented simultaneously with the 
target at a fixed location. Participants had to make an eye movement to the onset target as soon as it 
was presented. Figure 7.1b represents the possible target and distractor locations. The possible target 
locations are indicated by the black circles, the distractor locations by the diamond shapes. For half of 
the participants the situation was mirrored. 
 
Furthermore, to determine the baseline eye movement, participants performed the same 
task as in the experimental condition except that there was never a distractor present. This 
baseline condition consisted of 24 practice and 96 experimental trials. Baseline and 
experimental blocks were counterbalanced across participants. 
Data analysis: If saccade latency was lower than 80 ms or higher than 600 ms the trial was 
removed from the analysis. Saccade latency was defined as the interval between stimulus 
display onset and the initiation of a saccadic eye movement. Moreover, trials were excluded 
from further analysis in which no saccades, too early or small saccades (<3°) were made. Also 
trials in which blinks during the saccade occurred were omitted. If the endpoint of the saccade 
had an angular deviation of less than 22.5° from the center of the target, the saccade was 
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classified as correct and further analyzed. Furthermore, the initial saccade starting position had 
to be within 1° from the center fixation point.  
To examine the influence of the different conditions on saccade trajectories, we used four 
different measures: saccade deviation, saccade curvature, initial direction, and overall 
direction: 
 Saccade deviations were examined by calculating the mean angle of the actual saccade 
path relative to the angle of a straight line between the saccade starting position of the 
saccade and the saccade target. The mean angle of the actual saccade path was 
calculated by averaging the angles of the straight lines between the saccade starting 
position and the different sample points (e.g. Godijn & Theeuwes, 2002a; Godijn & 
Theeuwes, 2002b; Theeuwes et al., 2005; Van der Stigchel & Theeuwes, 2005a). 
 The overall direction was examined by calculating the difference between the angle of 
a straight line from fixation to saccade endpoint and the angle of a straight line from 
fixation to the target location (e.g. Frens et al., 1995; Van Gisbergen et al., 1987).  
 Initial direction was defined as the difference between the angle of the saccade at 20 
ms after saccade initiation and the overall direction of the saccade (e.g. Findlay & 
Harris, 1984; Van Gisbergen et al., 1987). 
 Saccade curvature was computed by the directional difference between the initial 
direction of a saccade and the overall direction (Van Gisbergen et al., 1987). 
 
In previous studies we have used the deviation measure (Godijn & Theeuwes, 2002a, 
2002b; Godijn & Theeuwes, 2004; Theeuwes et al., 2005; Theeuwes & Godijn, 2004; Van der 
Stigchel & Theeuwes, 2005a), because it takes both endpoint and initial direction into account 
and uses all the available data points. It computes in one measure the total deviation of the 
eye movement. It is however important to compare our measure to those that have been used 
before (for a detailed examination of different measures, see Ludwig & Gilchrist, 2002a). 
For all measures, trials in which the angle of the overall direction was two times the 
standard deviation away from the mean angle were removed from the analysis. Positive and 
negative values refer to measurements towards and away of the distractor location, 
respectively. In the baseline and the no-distractor condition, saccades trajectories were 
measured with respect to the location where the distractor was presented in the distractor 
present condition. 
To investigate the possible influence of the target location of the previous trial, we 
determined whether there was an effect of the target location of the previous trial on saccade 
trajectories on the current trial. When the saccade direction repeated, the target and the 
distractor location on the current trial were the same as on the previous trial. When, however, 
the direction switched, the target and distractor location on the current trial differed from the 
previous trial. 
Results 
 
The mentioned prerequisites led to a total loss of 20.7% of trials for the baseline condition 
and 18.2% for the experimental condition. Separate calculations were made for the 
experimental (distractor present or absent) and the baseline conditions. 
Figure 7.2 shows the main results of the present experiment. In Figure 7.2a the results of 
the different saccade trajectory measures for the three conditions are represented. Positive 
values refer to deviations towards, while negative values refer to deviations away. The baseline 
condition was taken as the baseline measurement against which the experimental conditions 
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were compared. For all four measures roughly the same effects can be observed. Because 
trajectory measures were lower in the no distractor condition than in the baseline condition, it 
can be stated that saccades deviated away in the no distractor condition compared to the 
baseline condition. When the distractor was expected and also presented, this deviation away 
was greater. Saccade latencies are represented in Figure 7.2b. All reported t-tests are two-
tailed. 
Saccade deviation: An analysis of variance (ANOVA) on mean overall direction with 
condition (baseline, distractor present or absent), direction (up or down) and repeated 
direction vs switched direction trial as factors showed a main effect of condition (see Figure 
7.2a, F(2,18) = 10.62; p<0.01). Note that direction (F(1,9) = .21; n.s.) and repeated direction 
vs switched direction trials (F(1,9) = 2.42; p=0.15) were not reliable. Planned comparisons 
showed that the baseline condition was significant different from the no distractor condition 
(t(9)=5.51; p<0.05) and the distractor condition (t(9)=15.95; p<0.01). Distractor and no 
distractor conditions deviated away more from the distractor location than the baseline 
condition. The distractor condition deviated away more than the no distractor condition 
(t(9)=15.95; p<0.01).  
Overall direction: An analysis of variance (ANOVA) on mean overall direction with 
condition, direction and repeated direction vs switched direction trial as factors did not show a 
reliable effect of condition (F(2,18) = 3.46; p=0.54), direction (F(1,9) = 0.12; n.s.) and 
repeated direction vs switched direction trials (whether or not the target location on the 
previous trial was the same as on the current trial) (F(1,9) = 0.87; n.s.). 
Initial direction: There was a main effect of condition (F(2,18) = 12.44; p < 0.001). Other 
factors (direction and repeated vs switched) were not reliable. Planned comparisons showed 
that the baseline condition was significantly different from the no distractor condition (t(9) = 
6.40; p < 0.05) and the distractor condition (t(9) = 18.29; p < 0.01). The initial direction in the 
distractor and no distractor conditions showed greater deviation away from the distractor 
location than the baseline condition. The initial direction in the distractor condition showed 
greater deviation away than in the no distractor condition (t(9)=11.21; p<0.01). 
Saccade curvature: A reliable main effect of condition was observed (F(2,18) = 5.356; 
p<0.05). The other factors were not reliable. Planned comparisons between the different 
conditions showed that the baseline condition was significantly different from the distractor 
condition (t(9) = 8.95; p<0.02). The distractor condition curved away more from the distractor 
location than the baseline condition. The other comparisons were not statistically significant. 
Order of presentation: To determine whether the order of presentation had an effect on 
the results, an additional ANOVA was run on saccade deviation with order (first experimental 
then baseline condition and vice versa) as a between-subject factor. Order of presentation had 
no effect (F(1,8) = 0.17, n.s.) suggesting that it did not matter whether participants first did 
the baseline condition and then the experimental condition or vice versa. 
Saccade latency: To determine whether the different conditions had an effect on saccade 
latency, an ANOVA with condition and direction as factors was performed. There was only a 
main effect of direction (F(1,9) = 29.70; p<0.001). Saccades upwards were faster (210 ms) 
than saccades downwards (233 ms). Condition had no systematic effect on saccade latency 
(see Figure 7.2b, F(2,18) = 2.03; p=0.16). 
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Figure 7.2: The main results of Experiment 1. Figure 7.2a shows the results of the different saccade 
trajectory measures for the three different conditions. Error bars represent standard errors of the 
mean. In the baseline and the no-distractor condition, saccades trajectories were measured with 
respect to the location where the distractor was presented in the distractor present condition. Positive 
values refer to deviations towards this location, while negative values refer to deviations away. The 
different measures show roughly the same effects. In the baseline condition, there was a tendency for 
saccades to deviate with a consistent rightward bias. Saccade trajectories in the conditions in which a 
distractor was expected but not presented deviated away compared to the baseline condition. When 
the distractor was expected and also presented, this deviation away was greater. In Figure 7.2b 
saccade latencies are represented. There was no difference between the different conditions. Saccades 
were faster upwards then downwards. 
 
Discussion 
 
In this experiment we examined trajectory differences between eye movements to a target 
when a distractor was either absent or present. The experiment was designed in such a way 
that if inhibition (with the resulting saccade deviation) to an empty location would be possible, 
it would be revealed by a modulating effect on saccade trajectory. In each trial, it was very 
likely that a distractor would be presented, and if it would appear it was always at the same 
location. 
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 Four different measures were used to investigate the influence of the different 
conditions on saccade trajectories: initial direction, overall direction, saccade curvature, and 
saccade deviation. All measures show basically the same effect: compared to the baseline 
condition saccades deviate away in the distractor absent and present condition. Only overall 
direction of the saccade failed to show a statistically reliable effect.  
The strongest effects were observed for saccade deviation and initial direction. For these 
measures the eyes deviated away from an empty location where no actual physical object was 
present. Because there is no exogenous stimulation at the distractor location, these results 
suggest that the expectation that a distractor may appear at a particular location is enough to 
generate an ‘endogenous’ effect on the saccade trajectory. Because it was highly likely that a 
distractor would be presented, participants may have already started to inhibit the distractor 
location during the preparation interval. Furthermore, in distractor present trials the deviation 
away was more than in the distractor absent condition. This additional inhibition reflects an 
exogenous component which is applied in response to the onset of the object. In order to 
successfully fulfill the required task the distractor needs to be ignored. This bottom up 
inhibition seems to add up with the endogenous inhibition applied in preparation of the 
upcoming distractor. Note that we do not claim that the effects of these two types of 
inhibition are completely additive, because we do not have a measure of bottom up inhibition 
in isolation. 
One may argue that the observed deviation differences between distractor present and 
absent conditions have nothing to do with expectancy but with differences in saccade 
latencies between these conditions. There was however no effect of the different distractor 
conditions on saccade latencies suggesting that the presence or absence of a distractor did 
not alter the speed with which participants were able to respond. 
One may further argue that the endogenous effect on saccade trajectories observed in our 
experiment is caused by some form of residual inhibition of the previous trial. This would 
imply a mechanism that is not necessarily under top-down control but represents something 
like residual automatic inhibition carry-over effects similar to ‘negative priming’ (Tipper, 1985). 
The fact that inhibition is present on trials in which the distractor was absent, might then be 
caused by the residual inhibition evoked by distractor presentation on the previous trial. 
Because of the low probability of distractor absence, there were not enough observations to 
directly test this idea. Instead, we determined whether there was an effect of the target 
location of the previous trial on saccade trajectories on the current trial. If residual inhibition is 
indeed underlying the results, the inhibition would be larger when the target and the 
distractor location on the current trial are the same as on the previous trial. The analysis 
indicated no effect of the previous target location for all four measures on the saccade 
trajectory of the current trial. 
To seek further evidence for the claim that the observed trajectory modulation can be 
attributed to observers expecting a distractor at a particular location and not some residual 
bottom-up inter-trial effect, we conducted a second experiment in which we directly cued the 
distractor location with a central cue. This experiment aimed at investigating whether the 
preparatory inhibition can be applied to the distractor location on a trial-by-trial basis. In the 
previous experiment, the distractor location was fixed given the direction (up or down) of the 
saccade. In Experiment 2 four locations were assigned that could either be the target or the 
distractor location. Note that in this design a location could be a target location on one trial 
while being a distractor location on another. If endogenous inhibition is observed when a trial-
by-trial cueing procedure is used it would imply that the system is rather flexible in assigning 
inhibition to particular locations. We further wanted to investigate whether introducing more 
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possible target and distractor locations would make it more difficult for the system to set up 
the spatial parameters for this inhibition. 
 
Experiment 2 
 
The second experiment was similar to the first experiment except there were four possible 
target locations and that not only the target location was cued, but also the distractor location 
was cued by a central, endogenous line segment. Again, a distractor was present in 80 
percent of the trials. There was a low probability of repeating the same target location but 
then without a distractor, namely 4%. The four locations were assigned in such a way that 
target and distractor locations were positioned at 45º angular distance and that they were 
never presented in the same visual hemisphere. 
 
Method 
 
Participants: Twelve students of the Vrije Universiteit, aged between 17 and 31 years old, 
served as paid volunteers. Two of the participants were male.  
Stimuli, Procedure, Design and Data analysis: See Figure 7.3 for an illustration of the display 
sequence. Each trial started with the presentation of a ‘star’ character (0.27° x 0.27°) in the 
center of the screen which functioned as the fixation stimulus. After 600 ms two lines of 
different length (0.81° and 0.54°) appeared at fixation position both pointing in one of the 
four possible directions: one o’clock, five o’clock, seven o’clock or eleven o’clock. The two 
lines were always presented in pairs, pointing either up or down (in other words, the two 
possible combinations were eleven & one o’clock and five & seven o’clock). A delay of 800-
1300 ms then occurred followed by the onset of the target. The onset location was related to 
the direction of the longer line: i.e. if the line was pointing to one o’clock, the target was 
presented at the corresponding location on an imaginary circle with radius 6.76°. In 80 
percent of the trials, a diamond shape distractor (0.81° x 0.81°) appeared in the direction of 
the smaller line on an imaginary circle with radius 4.82°. The sequence of trials was randomly 
assigned. 
The experiment consisted of a training session of 24 trials and an experimental session of 
600 trials. The baseline condition was run before or after the experiment. After 24 training 
trials, participants had to perform the same task as in the experimental condition for 96 trials 
with the only difference that in this condition a distractor was never present. The order of the 
baseline and experimental blocks was counterbalanced across participants. For data analyses, 
the same prerequisites as in Experiment 1 were applied.  
 
Results 
 
These prerequisites led to a total loss of 17.1% of trials for the baseline condition and 
17.5% for the experimental condition. Separate calculations were made according to whether 
the distractor was presented or not and for the baseline measurement. 
The main results of the present experiment can be seen in Figure 7.4. Figure 7.4a presents 
the results of the different saccade trajectory measures for the three conditions. For all four 
measures roughly the same effects can be observed as in Experiment 1. Compared to the 
baseline condition, saccades in the conditions in which a distractor was expected but not 
presented deviated away. When the distractor was expected and also presented, this deviation 
away was greater. All reported t-tests are two-tailed. 
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Figure 7.3: Sequence of frames on a given trial in Experiment 2. After 600 ms the central fixation 
point was replaced by two line segments. The long line segment indicated the target location and the 
small one the distractor location. After a period of 600 to 1300 ms the target appeared. In 80 percent 
of the trials a distractor was presented at the distractor location. Participants had to make an eye 
movement to the onset target as soon as it was presented. Figure 7.3b represents the possible target 
and distractor locations. The possible target locations (one o’clock, five o’clock, seven o’clock and 
eleven o’clock) are indicated by the black circles, the distractor locations by the diamond shapes. 
 
Saccade deviation: An ANOVA on saccade deviation with condition (baseline, distractor 
present or absent) and target location (one o’clock, five o’clock, seven o’clock or eleven 
o’clock) as factors showed a main effect of condition (see Figure 7.4a, F(2,22) = 14.59; 
p<0.001) and location (F(3,33) = 3.94; p<0.05). Planned comparisons showed that the 
baseline condition was significant different from the no distractor condition (t(11)=12.52; 
p<0.01) and the distractor condition (t(11)=16.75; p<0.01). Saccades in the distractor and no 
distractor conditions deviated away more from the distractor location than saccades in the 
baseline condition. Saccades in distractor condition deviated away more than saccades in the 
no distractor condition (t(11)=9.51; p<0.02).  
A subsequent post-hoc test (Newman-Keuls) showed no systematic effect of location on 
saccade deviation. Again, there was no effect of the order of testing on saccade deviation 
(F(1,11) = 0.32; n.s.). 
Overall direction: An ANOVA on the overall direction with condition and target location as 
factors showed no main effect of condition (F(2,22) = 1.97; p=0.16). There was a main effect 
of location (F(3,33) = 9.75; p<0.01). 
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Initial direction: There was a main effect of condition (F(2,22) = 12.47; p < 0.001) and 
location (F(2,22) = 4.47; p<0.02) on the initial direction. Planned comparisons on the 
condition factor showed that the baseline condition was significantly different from the no 
distractor condition (t(11) = 10.89; p<0.01) and the distractor condition (t(11) = 13.94; 
p<0.01). The initial direction in the distractor and no distractor conditions showed greater 
deviation away from the distractor location than the baseline condition. The initial direction of 
the distractor condition showed greater deviation away than in the no distractor condition 
(t(11)=9.40; p<0.02).  
Saccade curvature: A reliable main effect of condition (F(2,22) = 7.26; p<0.01) and location 
(F(2,22) = 5.95; p<0.01) was observed. Planned comparisons between the different conditions 
showed that the baseline condition was significantly different from the no distractor condition 
(t(11) = 7.78; p<0.02) and the distractor condition (t(11) = 8.02; p<0.02). The distractor and 
the no distractor conditions curved away more from the distractor location than the baseline 
condition. The comparison between the distractor and the no-distractor condition was not 
statistically significant (t(11) = 2.84; p=0.12). 
Saccade latency: It was further determined whether the different conditions had an effect 
on saccade latency. An ANOVA revealed that there was no difference in saccade latency 
between the baseline (229 ms) and the two conditions in the experimental set-up (230 ms for 
the no-distractor and 229 ms for the distractor condition) (see Figure 7.4b; F(2,22) = 0.07, 
n.s.).  
Discussion 
 
The results of this experiment confirm the most important conclusions derived from our first 
experiment. Compared to the baseline condition in which a distractor was never present, eye 
movement trajectories deviated away from a location at which participants expected that a 
distractor would appear. Because there was no object present at the inhibited location this 
inhibition must be endogenous in origin. However when the distractor was present along with 
the target, the deviation away from the onset distractor was stronger than in experimental 
trials in which the distractor was absent. This greater inhibition is related to the suppression of 
the activity evoked by the onset of the distractor. These results were also observed for the 
initial direction of the saccade. There was no effect of the different conditions on the overall 
direction of the saccade. Again, there was no effect of the different distractor conditions on 
saccade latencies. Therefore, the findings with respect to the trajectory differences can not be 
attributed to variations in saccade latencies. 
The present experiment provides further evidence for the idea that the preparatory 
inhibition can be applied to the distractor location on a trial-by-trial basis and is not caused by 
some form of residual inhibition of the previous trial. Compared to Experiment 1, there was a 
much lower probability of repeating the same target location without a distractor when on 
the previous trial a distractor was present. Yet the magnitude of the expectation effect on the 
saccade trajectory deviations was similar in both experiments4. 
 
 
                                                 
4 To test whether there was a difference in the magnitude of the expectation effect on the saccade trajectory 
deviations between the two experiments, we run a mixed ANOVA with Experiment as a between-subjects factor. 
There was no interaction between Experiment and condition (F<1) suggesting that the magnitude of the 
expectation effect was similar in both experiments. There was no main effect of Experiment (F<1). 
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Figure 7.4: The main results of Experiment 2. Figure 7.4a shows the results of the different saccade 
trajectory measures for the three different conditions. The different measures show roughly the same 
effects. Saccade trajectories in the conditions in which a distractor was expected but not presented 
deviated away compared to the baseline condition. When the distractor was expected and also 
presented, this deviation away was greater. In Figure 7.4b saccade latencies are represented. There 
was no difference between the different conditions. 
 
General discussion 
 
In order for the saccadic system to select the appropriate target location for an eye 
movement, other possible locations have to be deselected. Different authors have 
hypothesized that this selection is accomplished through inhibition (Sheliga et al., 1994; 
Tipper et al., 1997). The inhibition occurring in the oculomotor system can be determined by 
examining the saccade trajectory deviations. More deviation away from a distractor location 
indicates stronger inhibition at the distractor location. In two experiments we investigated 
whether the preparation for an upcoming distractor can result in saccade deviations. 
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With respect to the saccade deviation and the initial saccade direction, the most important 
finding of the present study is that the mere expectation that a distractor will appear at a 
specific location is enough to generate saccade deviations away from this location. The crucial 
finding is that there was a significant deviation even when no physical object was present. In 
addition, when at the expected location an actual distractor would appear the saccade 
deviation was even stronger. We have further provided evidence that the trajectory effects 
cannot be attributed to either saccade latency variations or residual inhibition from the 
previous trial. 
In terms of the vector theory the current findings indicate that on the basis of the 
expectancy of the distractor, the vector representing the distractor location is inhibited before 
the distractor presentation. Because the target and the distractor vectors are represented by 
overlapping populations, inhibition of the distractor vector will result in the reported saccade 
trajectory modifications. When the distractor is not only expected but also presented, the 
activity evoked by the onset of the distractor will be suppressed by the reactive feedback 
mechanism as proposed by the vector theory (Houghton & Tipper, 1994; Tipper et al., 1997). 
This inhibition will summate with the inhibition that was applied on the basis of expectancy, 
resulting in a greater deviation away from the distractor location. Although the explanation 
remains speculative, the present findings seem to elaborate on the vector theory by showing 
that the mere expectancy of distractor presentation can already evoke the inhibition of the 
vector coding for the possible distractor location. 
To examine the influence of the different conditions on saccade trajectories, we used four 
different measures: saccade deviation, overall direction, initial direction, and saccade 
curvature. Results show that the most pronounced results were obtained for saccade deviation 
and initial direction. With respect to the measure “overall saccade direction” there was no 
effect of the different conditions. This measure uses the actual saccade endpoint and 
compares it to a straight line from the saccade starting point to the target location.  
Although the different conditions had an effect on curvature measure (Van Gisbergen et 
al., 1987), these effects were not as pronounced as the effects of the initial saccade direction 
and the deviation measure. The adopted curvature measure computes the difference between 
the initial direction of a saccade and the overall direction. Because the most important 
findings were due to the initial direction of the saccade, introducing a measure that computes 
the difference with saccade endpoint (which showed no significant effects) might have 
introduced additional noise to the data. The deviation measure (Godijn & Theeuwes, 2002b) 
takes all data points of the saccade into account and might therefore be less sensitive to 
noise. 
There was no effect of the different distractor conditions on saccade latency. Typically, 
saccade latencies are longer in conditions in which distractors are present (see e.g. Godijn & 
Theeuwes, 2002b). The reason that we did not find an effect of the presence of a distractor in 
the current experiment, may be due to the fact that in the current experiment the appearance 
of a distractor was highly predictable and if it was presented it was always presented at the 
same location. Our results indicate that under these conditions, observers may endogenously 
inhibit the location of the distractor before it is actually presented. This inhibition may be 
sufficient for the distractor to have no effect on the speed with which observers can generate 
an eye movement. 
Many models have assumed that saccadic target selection is the result of competitive 
interactions among groups of neurons coding the possible target locations on a common 
motor map (Godijn & Theeuwes, 2002b; Kopecz, 1995; McSorley et al., 2004; Trappenberg et 
al., 2001). The superior colliculus (SC) is thought to operate as a motor map according to 
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theoretical models of saccade target selection (Schall, 1991; Sparks & Hartwich-Young, 1989). 
This mid brain structure contains a retinotopically organized map and neural activity in the SC 
is correlated with target selection (McPeek & Keller, 2004; Wurtz et al., 1980). Furthermore 
when multiple targets are present, activity at the site of the target in the SC is increased, 
whereas it is decreased at other sites (Basso & Wurtz, 1997) leading to the hypothesis that the 
SC is involved in target selection. To accomplish this, the SC integrates input from many 
cortical areas such as the frontal eye fields, the supplementary eye fields, the posterior parietal 
cortex and occipital visual areas (Munoz, 2002). It sends the result of this integration process 
to the brainstem premotor circuitry where the eye movement is programmed (Moschovakis, 
1996). New evidence suggests that the region of maximal activity determines which target is 
going to be foveated, but not how this is to be brought about (e.g. via a saccade, or a 
combined eye and head movement, or via smooth pursuit) (Bergeron et al., 2003). 
Although the SC does not determine the exact trajectory of a saccade (Bergeron et al., 
2003; Goossens & Van Opstal, 2000; Quaia et al., 1998), its activity does seem to play an 
important role in the oculomotor process of the programming of an eye movement. For 
example, McPeek et al. (2003) conducted single cell recordings in the SC and found deviation 
towards a second onset location. They showed that this deviation was accompanied by 
increased presaccadic activity at the location the trajectory curved towards. More important, 
the magnitude of this deviation was correlated with the level of activity recorded at this 
location. Further evidence was provided in the same study by micro-stimulation of the SC. Eye 
movements that were initiated to a different location, curved towards the stimulated location. 
The magnitude of this deviation was correlated with the induced activity. 
McSorley et al (2004) proposed a model in which the initial saccade direction is controlled 
by the SC, but the cerebellum takes care of the deviation back towards the target (see also 
Quaia et al., 1998). The cerebellum monitors saccade progress and compensates for 
directional errors by adjusting the motor signal. So, while initially the direction of the saccade 
is programmed to a location that is not the target location, on-line cerebellum feedback takes 
care of the correct landing position. This notion fits well with our finding that the endpoint of 
the saccade, in contrast to the initial saccade direction, was not influenced by the presence of 
a distractor. This suggests some type of independence between the mechanisms that control 
the saccade endpoint and those that control the initial direction. 
The crucial finding of the present study is that the mere expectation that a distractor will 
appear at a specific location is enough to generate saccade deviations away from the location 
of the expected distractor. The results suggest that higher order cognitive processes such as 
top-down expectancy can interact with low level eye movement structures. One of the most 
likely neurophysiological candidates for this higher order influence are the Frontal Eye Fields 
(FEF) which send major projections to the SC. Input of the FEF to the SC is mediated through 
the substantia nigra of the basal ganglia (Basso & Wurtz, 1997, 2002). It has been assumed 
that the FEF send inhibitory connections to the SC via the basal ganglia (Munoz & Schall, 
2003). FEF input shows a coarse topology in that nearby cortical cells tend to project to the 
same region of the SC (Komatsu & Suzuki, 1985). Responses in the FEF are responsive to task 
demands which is shown for example by different responses to targets and distractors (Bichot 
& Schall, 2002). In visual search, the FEF have been shown to select one population of activity 
as the target and inhibit the distractor location (Schlag-Rey et al., 1992).  
On the basis of neurophysiological findings, it can be concluded that the FEF provide a 
possible source for top-down modulation of target selection and distractor inhibition. Many 
models have therefore incorporated the FEF as a possible source of how higher-level processes 
can influence saccade generation (Gancarz & Grossberg, 1999; Godijn & Theeuwes, 2002b; 
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McSorley et al., 2004). On the basis of the results of the current study, we hypothesize that if 
a distractor is expected to appear at a certain location, in anticipation of the distractor 
appearance, FEF inhibits the population of neurons coding for that location. The top-down 
inhibition that enters the motor map facilitates correct responding when target and distractor 
are presented, because activity at the distractor location will already be lowered on distractor 
onset. The activity evoked by the distractor will therefore be much less than without top-down 
inhibition and the competition between target and distractor can then be correctly won by the 
target location. When the distractor is actually presented along with the target, the activity 
evoked by the onset of the distractor will also be inhibited by the FEF to facilitate responding. 
This inhibition summates with the top-down expectancy inhibition and results in a deviation 
away that is greater than when the distractor is only expected and not presented. 
  
Chapter Eight 
An ERP Study of Preparatory and Inhibitory  
Mechanisms in a Cued Saccade Task 
 
 
 
 
 
Abstract 
 
The present study uses event-related potentials (ERP’s) to investigate the neurophysiological 
correlates of the mechanisms involved in selection of locations for saccades. Participants 
performed a task in which both target and distractor locations were cued on a trial-by-trial 
basis. Participants were instructed to make an eye movement to the cued target location and 
to ignore elements at the distractor location. This experimental set-up allowed the 
investigation of the mechanisms involved in the top-down preparation and inhibition of 
locations for an eye movement. When comparing responses to leftward and rightward 
pointing cues, we observed an early directing attention negativity (EDAN) and an anterior 
directing attention negativity (ADAN) effect in the cue-target interval. These effects were 
similar to those observed in studies investigating attentional allocation, suggesting a close link 
between shifts of spatial attention and the preparation of eye movements. These components 
were followed by a late widespread contralateral negativity (LDAN) that was assumed to 
reflect both the oculomotor programming of the upcoming eye movement as well as 
attentional orienting. Furthermore, a new component was observed related to top-down 
inhibition of the distractor location. In response to the distractor cue, an early positivity above 
the right hemisphere (RLIP) was revealed. Finally, no modulations of early target-evoked ERP 
components were observed, suggesting that these components are unaffected when no 
further processing is required at the cued location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., Heslenfeld, D. J., & Theeuwes, J. (2006). An ERP study of preparatory and 
inhibitory mechanisms in a cued saccade task. Brain Research, 1105(1), 32-45. 
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In everyday life, we are continuously faced with complex visual scenes containing elements 
that might be relevant for our behavior. In order to process these elements, we can allocate 
our attention to relevant parts of the visual environment. When a visual target is expected to 
appear at a specific location, attention may be allocated to that location. This allocation can 
either by done with or without making an eye movement (‘overt’ vs. ‘covert attention’). With 
respect to covert attention, Posner using his now classic cueing paradigm showed that 
reaction times to visual targets are faster for spatial locations that were previously cued 
(Posner, 1978, 1980; Posner et al., 1980; Posner et al., 1978). In a typical cueing task, 
participants have to press manually a response key as soon as the target is presented. The 
target stimulus is preceded by a cue which provides information about the location of the 
upcoming target. In a cueing version typically referred to as “endogenous”, a centrally 
displayed arrow points to the likely target location. Participants are instructed to use the 
arrow to focus their attention on the cued location before the appearance of the target. The 
target is then presented either at the location indicated by the cue or at a location that was 
not indicated by the cue. The typical finding is when the cue is valid (i.e., the target appears 
at the cued location) response times are fast and accuracy is high relative to the condition in 
which the cue is invalid (the target appears at the uncued location). The results therefore 
reveal a benefit for location cueing: shifting attention without making an eye movement 
results in advanced processing of targets presented at the attended location (for a review see 
Corbetta & Shulman, 2002). 
There is an extensive ERP literature on the mechanisms related to the processing benefits of 
objects presented at locations to which covert attention was directed (e.g. Hillyard & Munte, 
1984; Hillyard et al., 1998; Mangun & Hillyard, 1991; Michie et al., 1987). Relatively early 
sensory components show larger amplitudes for stimuli presented at covertly attended 
locations than at unattended locations. The earliest modulations can be observed starting 
around 80 ms after stimulus onset (P1 and N1) and are assumed to be related to the current 
focus of spatial attention. 
Besides studies on spatially selective processing of an attended location, there is a growing 
literature on the processes directly related to the actual shifts of attention (Eimer et al., 2005; 
Eimer et al., 2002; Eimer et al., 2003; Green et al., 2005; Harter et al., 1989; Hopf & Mangun, 
2000; Nobre et al., 2000b; Slagter et al., 2005; Talsma et al., 2005; Van Velzen & Eimer, 
2003). These studies investigated the preparatory shifts of attention during the interval 
between the cue and the target. In this interval, spatial attention is shifted to the likely 
location of the upcoming target on the basis of the information provided by the cue or the 
task instruction. Harter et al. (1989) provided the first evidence for ERP processes related to 
shifts of visuo-spatial attention during the cue-target period. They conducted a study involving 
children in which central arrows indicated the likely location of an upcoming target. A 
subtraction of ERP responses elicited by a leftward arrow cue from the responses to a 
rightward cue revealed two processes related to the covert attentional shifting. The earliest 
effect was a negative deflection over the hemisphere contralateral to the direction of the cue, 
called the early directing attention negativity (EDAN). The EDAN started 200 ms after cue 
onset and lasted until 400 ms past cue onset. It was hypothesized by Harter and colleagues 
(1989) that the EDAN might be related to a neural process associated with the processing of 
the cue and the subsequent direction of spatial attention. 
In addition to the EDAN, a second effect was observed between 500 and 700 ms after cue 
onset. At posterior sites, the hemisphere contralateral to the arrow direction became more 
positive in comparison to the ipsilateral hemisphere. This effect was termed the late directing 
attention positivity (LDAP) and was assumed to reflect the modulation of the cortical 
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excitability in regions involved in receiving the upcoming visual information. It must be noted 
that the LDAP is not always observed (Harter & Anllo-Vento, 1991; Yamaguchi et al., 1994, 
1995). 
In later studies, an enhanced negativity at frontal electrodes contralateral to the direction 
of attentional shifts was also reported between 300 and 500 ms after cue onset (anterior 
directing attention negativity, ADAN: Hopf & Mangun, 2000; Nobre et al., 2000b). This effect 
was hypothesized to be related to the contribution of frontal structures to the control of 
spatial attention shifts. 
Recently, Eimer and colleagues showed that two of the mentioned components (ADAN, 
LDAP) are not only observed during preparation within the visual modality, but also when 
attention is directed to a location of a relevant auditory or tactile event (Eimer et al., 2002; 
Eimer et al., 2003). This shows that the preparatory ERP components ADAN and LDAP might 
operate in a multimodal fashion and that the selection of a task-relevant location is controlled 
by supramodal control mechanisms (but see, Green et al., 2005). Note that no EDAN was 
observed for either the visual, tactile and auditory modality. Finally, a recent study revealed 
that in addition to spatial attention shifts, the earlier mechanisms also control visual non-
spatial allocations (Slagter et al., 2005). Only for the LDAP, which is present around 600 ms 
after the cue onset, differences between spatial and non-spatial attention were observed; the 
other ERP effects in the cue period were identical. 
All these studies have examined responses to cues that indicated the likely location of an 
upcoming target. The cues are thought to elicit a process that activates neurons in a visual 
map that code for the cued location. This process of activation results in an improved 
performance for stimuli presented at that location. Even though most of the research on 
cueing has focused on ERP components that represent increased neural activity, in many 
situations it may also be necessary to inhibit locations containing elements that need to be 
ignored. In various attentional capture studies, it has been shown that irrelevant salient 
singletons can indeed capture attention exogenously (Theeuwes, 1991; Theeuwes, 1992; 
Theeuwes, 1994). For example, in one the studies by Theeuwes (1994) participants remained 
fixated in the center of the display and had to direct their attention to the only shape target 
singleton present in the display. In some conditions, an irrelevant new object with an abrupt 
onset was added to the display. The results showed an increase in reaction time when the 
irrelevant onset was presented suggesting that participants were not always able to inhibit the 
irrelevant distractor, causing a spatial attention shift to the location of the distractor. In a 
subsequent study, the same methodology was used in a task in which participants had to 
make an eye movement to the location of the target singleton (Theeuwes et al., 1998). In this 
so-called ‘oculomotor capture’ task, observers view displays containing a number of gray 
circles positioned on an imaginary circle around a central fixation point. After a certain period, 
all circles change color except one (the target circle). Upon the presentation of the target 
display, on some trials an additional irrelevant red circle is presented. In 30% to 40% of trials 
in which the additional onset circle is presented, participants do not first saccade to the target 
element but erroneously make an eye movement to the onset distractor location: the eyes are 
‘captured’ by the onset distractor. 
The advantage of using a paradigm in which participants have to make an eye movement 
instead of an attentional shift is that one can determine on the basis of the eye movement 
pattern how successful distractors were inhibited. Indeed, in Theeuwes et al. (1998) in only 30 
to 40% of the trials the eyes went to the location of the irrelevant onset, suggesting that in 
60 to 70% of the trials the distractor was successfully suppressed (‘inhibited’). In addition, 
more recent evidence suggests that the eye movement trajectory can reveal the extent to 
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which a distractor location is inhibited (for a review see, Van der Stigchel et al., 2006). For 
instance, when two targets are in close proximity, a saccade to the target will deviate towards 
the distractor (Coren & Hoenig, 1972; Van der Stigchel & Theeuwes, 2005b). A similar effect 
can be observed in visual search experiments in which saccade trajectories tend to deviate 
towards a distractor (McPeek et al., 2000). In these situations the distractor location is not 
successfully inhibited and the resulting saccade is an average vector to an intermediate 
location in between the target and the distractor location. When the target location is cued in 
advance, the opposite effect is observed: saccades deviate away from the distractor location 
(Doyle & Walker, 2001; Van der Stigchel & Theeuwes, 2006). Furthermore, Sheliga and 
colleagues (1994, 1995b) showed that the allocation of attention influences the trajectory of 
the subsequent eye movement. Saccade trajectories deviated away from a location to which 
covert attention was previously allocated. 
These deviations away from a location have been attributed to inhibitory mechanisms 
(Sheliga et al., 1994; Tipper et al., 1997). The vector theory states that when two possible 
target locations are in close proximity, the resulting vector will point to an intermediate 
location. When inhibition is applied to one of these two locations, the resulting vector will be 
pointed slightly away from the correct target location leading to a saccade that deviates away 
from the inhibited location. 
A recent study has shown that location cueing as in the classic Posner cueing approach 
cannot only generate activation at particular location, it can also generate inhibition. Van der 
Stigchel and Theeuwes (2006) showed that inhibition of a possible distractor location can 
already be present on the basis of the expected appearance of a distractor. In these 
experiments, participants knew both the location of an upcoming target and the location of 
an upcoming distractor. In other words, during the cue-target interval participants were able 
to expect a target and a distractor at a particular location. In 80% of trials a distractor was 
indeed present, in the remaining 20% of trials it was not. The experiments showed that 
saccades deviated away from the distractor location when the distractor was present, but also 
when the distractor was expected but not present (although to a lesser degree). These results 
reveal that the mere expectation of a distractor at a specific location is sufficient to generate 
saccade deviations away from this location. Because there is no visual information at the 
location at which observers expected the distractor, the inhibition is applied purely on the 
basis of a top-down expectancy of the distractor. 
In the present experiment, we investigated the inhibitory mechanisms in the cue-target 
period and during the target selection process. As in Van der Stigchel and Theeuwes (2006) 
the location of the target and the location of the distractor were cued in advance. Participants 
had to make an eye movement to the target once it was presented. Target and distractor 
elements were presented simultaneously. The cues were equiluminantly colored arrows which 
were presented 1000-1400 ms before target and distractor presentation. The colors of the 
arrows indicated whether a target, a distractor or nothing would be presented at the location 
to which the arrows were pointing. 
There are a number of possible effects that are of interest. With respect to the upcoming 
saccade target, we sought to replicate the effects related to shifting attention towards the 
target location, specifically the EDAN, ADAN, LDAP for the cue period and P1/N1 modulations 
in response to the target element. It is important to establish such a result because it would 
indicate that the attentional processes observed in classic paradigms in which participants 
respond manually to a target presented would also occur in paradigms in which participants 
have to make an eye movement. Note that in most previous experiments (i.e. Eimer et al., 
2002; Eimer et al., 2003; Slagter et al., 2005) participants were instructed to direct attention 
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to a location in space while keeping the eyes in the center of the display, whereas in the 
current experiment participants are not instructed to make an attentional shift: they simply 
had to make an eye movement to a designated location. Finding EDAN, ADAN and LDAP 
components in an eye movement task would be in line with evidence for a functional 
relationship between attention and eye shifts (Rizzolatti et al., 1987; Rizzolatti et al., 1994) 
and would converge with recent functional imaging data showing that the processes involved 
in covert shifts of attention and oculomotor processes share common functional areas in the 
human brain (Corbetta, 1998; Corbetta et al., 1998). 
With respect to the distractors, the predictions are less straightforward. For the cue period, 
the different components related to the shift of covert attention are not likely to be present 
for distractor locations. So far, there is no evidence that covert attention is shifted to a 
location that is inhibited on the basis of the expectancy of an upcoming element. The only 
candidate might be an inhibition version of the EDAN related to a neural process associated 
with the processing of the cue. The LDAP and the ADAN are assumed to be related to covert 
attention shifts and are therefore not likely to be observed for distractor cues. For the 
responses to the distractor presentation itself, we hypothesize that P1/N1 components might 
be reduced compared to the target response because the distractor is presented at an 
inhibited location. Evidence from an Inhibition of Return (IOR) experiment has revealed that 
IOR was associated with a reduction of the amplitude of the visual P1 component (McDonald 
et al., 1999). Because IOR can be observed in situations in which a cued location is inhibited at 
longer stimulus-onset asynchronies (Klein, 2000), the same effect might be present in our 
paradigm for the inhibited distractor. To differentiate between activation and inhibition for 
these early responses to the imperative stimuli, we also included neutral prepare and neutral 
inhibit trials in which both lateralized locations were cued as the possible target or distractor 
locations.  
 
Results 
 
Behavioral performance: For the cue period trials, a total of 10.2% of trials were excluded 
from analysis: 8.2% due to eye movements during the cue period and 2.0% due to artefacts 
in the EEG. For the target period trials, 9.3% of the trials were excluded: 8.5% due to eye 
movements around or before target onset and 0.8% due to artefacts in the EEG. With respect 
to the saccadic responses, Figure 8.1 shows the mean horizontal EOG (hEOG) for the target 
conditions. Negative deflections indicate eye movements to the right. Saccade latencies in the 
neutral target conditions were about 50 ms longer than in the cued conditions in which there 
was only one possible target location. 
ERP’s in the cue period: Preparation (220-330 ms): The lower panel of Figure 8.2 shows the 
ERP’s elicited by central arrow cues requesting eye movements to the left versus right side. 
They are displayed separately for the prepare left, right and both condition for posterior 
electrodes PO7/PO8. Starting at about 220 ms after cue onset, an enhanced negativity 
contralateral to the direction of the cue can be observed (EDAN). The presence of the EDAN 
was confirmed by a significant Cued Direction x Hemisphere interaction (F(1,11) = 33.0, p < 
0.001) for the 220-330 ms time window. Figure 8.2 also shows the mean scalp topography 
for the center of the tested interval (250-300 ms after cue onset) of the difference between 
ERP’s to preparatory cues to the left and preparatory cues to the right. The EDAN to leftward 
pointing cues is visible as a negativity at PO8, the EDAN to rightward pointing cues is the 
positivity at PO7.  
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Figure 8.1: Horizontal EOG for target conditions. Negative µv values indicate eye movements to the 
right and positive µv values represent saccades to the left. It can be seen that saccade latencies were 
longer in the neutrally cued conditions than in conditions in which there was only one possible target 
location. 
 
In order to determine the effect of the neutral prepare both condition, a test was 
conducted for each laterized recording site to verify whether the neutral prepare ERP was 
different from the lateralized prepare ERP’s in the EDAN latency range. At PO7, prepare both 
was not significantly different from prepare right (t(11) = 0.73, p > 0.4). There was also no 
significant difference between prepare both and prepare left at PO8 (t(11) = 0.93, p > 0.3). 
ERP’s in the cue period: Preparation (400-500 ms): For the period from 400 to 500 ms after 
cue onset, an enhanced negativity contralateral to the cued direction was observed at the 
frontal and central electrodes (ADAN). This ADAN was confirmed by a significant Cued 
Direction x Hemisphere interaction at F3/F4 (F(1,11) = 17.7, p < 0.001), F7/F8 (F(1,11) = 8.74, 
p < 0.02), and C7/C8 (F(1,11) = 9.42, p < 0.02). The interaction at C3/C4 was almost 
significant as well (F(1,11) = 4.57, p = 0.056). The middle panel of Figure 8.2 shows the mean 
scalp topography obtained at the center of the tested interval (425-475 ms after cue onset) of 
the difference between ERP’s elicited by preparatory cues to the left and right hemifield. The 
ADAN to rightward pointing cues is the positivity peaking between F3 and C3, the ADAN to 
leftward pointing cues is smaller and displaced laterally. 
For the neutral prepare both condition, a test was conducted at F3 and F4 in the ADAN 
latency range (400-500 ms) to verify whether the neutral prepare ERP was different from the 
lateralized prepare ERP’s. At F3, prepare both was not different from prepare right (t(11) = 
0.82, p > 0.4), and there was also no significant difference between prepare both and prepare 
left at F4 (t(11) = 0.08, p > 0.9). 
 
 
                                                                               Chapter eight 
 
115 | 
 
 
-100 0   100 200 300 400 500 600 700 800 900 
-8
-4
0 
4 
8 
PO7
Prepare Left
Prepare Right
Prepare Both
-100 0   100 200 300 400 500 600 700 800 900 
-8
-4
0 
4 
8 
PO8
Prepare Left
Prepare Right
Prepare Both
+1.8
+1.6
+1.3
+1.1
+0.9
+0.7
+0.4
+0.2
0.0
- 0.2
- 0.5
- 0.7
- 0.9
- 1.1
- 1.4
- 1.6
- 1.8
250-300 ms
PO7 PO8
+1.8
+1.6
+1.3
+1.1
+0.9
+0.7
+0.4
+0.2
0.0
- 0.2
- 0.5
- 0.7
- 0.9
- 1.1
- 1.4
- 1.6
- 1.8
425-475 ms
F7 F8
550-600 ms
+1.8
+1.6
+1.3
+1.1
+0.9
+0.7
+0.4
+0.2
0.0
- 0.2
- 0.5
- 0.7
- 0.9
- 1.1
- 1.4
- 1.6
- 1.8
C3 C4
-100 0 100 200 300 400 500 600 700 800 900
-8
-4
0
4
8
F7
Prepare Left
Prepare Right
Prepare Both
-100 0 100 200 300 400 500 600 700 800 900
-8
-4
0
4
8
F8
Prepare Left
Prepare Right
Prepare Both
-100 0 100 200 300 400 500 600 700 800 900
-8
-4
0
4
8
C3
Prepare Left
Prepare Right
Prepare Both
-100 0 100 200 300 400 500 600 700 800 900
-8
-4
0
4
8
C4
Prepare Left
Prepare Right
Prepare Both
A
m
p
lit
u
d
e
 (
µ
V
)
A
m
p
lit
u
d
e
 (
µ
V
)
A
m
p
lit
u
d
e
 (
µ
V
)
A
m
p
lit
u
d
e
 (
µ
V
)
A
m
p
lit
u
d
e
 (
µ
V
)
A
m
p
lit
u
d
e
 (
µ
V
)
Time (ms)
Time (ms)
Time (ms)
Time (ms)
Time (ms)
Time (ms)  
 
Figure 8.2: Grand-averaged ERP’s elicited in the prepare conditions during the cue-target interval. 
These ERP’s are evoked by central cues indicating the target location on the left side (solid line), on the 
right side (dotted line), or on both sides (dashed line). ERP’s show a negativity (early directing attention 
negativity; EDAN; bottom row) at posterior electrodes PO7/PO8 between 220-330 ms contralateral to 
the direction of the cued hemifield. Furthermore, they show a negativity (anterior directing attention 
negativity; ADAN; middle row) at frontal and central electrodes between 400-500 ms contralateral to 
the direction of the cued hemifield. Finally, a late contralateral negativity (late attention directing 
negativity; LDAN) is present from about 500 ms onwards at all lateral electrodes. Also the mean scalp 
topographies for the different time intervals are shown. The negativities contralateral to the direction 
of the cue (EDAN, ADAN and LDAN) are reflected by negative deflections above the right hemisphere 
and positive deflections above the left hemisphere. 
 
ERP’s in the cue period: Preparation (500–650 ms): Late in the cue period, a diffuse 
widespread contralateral negativity was observed at lateral frontal, central and posterior sites. 
This was confirmed by a significant Cued Direction x Hemisphere interaction at F7/F8 (F(1,11) 
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= 14.8; p < 0.01), C7/C8 (F(1,11) = 17.7; p < 0.01) and PO7/PO8 (F(1,11) = 14.9; p < 0.01). 
This effect was about equally large at all lateral sites, as there was no significant three way 
interaction Electrode Site x Cued Direction x Hemisphere (F(2,22) = 0.32; p > 0.70). 
For the neutral prepare condition, a test was conducted for posterior laterized recording 
sites to verify whether neutral prepare was different from lateralized prepare. At PO7, prepare 
both was not significantly different from prepare right (t(11) = 0.82, p > 0.4). There was also 
no difference between prepare both and prepare left at PO8 (t(11) = 0.86, p > 0.4). 
ERP’s in the cue period: Inhibition (220–330 ms): Figure 8.3 shows the ERP’s in response to 
inhibitory cues at posterior electrodes PO3/PO4. Starting about 220 ms after cue onset, an 
enhanced positivity contralateral to the direction of the cue can be observed at PO4. For the 
220-330 ms time window, the presence of this “right-lateralized inhibition positivity” (RLIP) 
was confirmed by a significant main effect of Cued Direction (F(1,11) = 5.7, p < 0.04) and a 
Cued Direction x Hemisphere interaction (F(1,11) = 11.1, p < 0.01), due to the fact that it was 
absent at PO3. Figure 8.3 also shows the mean scalp topography 250-300 ms after cue onset 
of the difference between ERP’s elicited by inhibitory cues to the left and ERP’s to inhibitory 
cues to the right. The RLIP is visible as the positivity at PO4; there is no accompanying 
negativity at PO3. 
Again, for each laterized recording site, we verified whether neutral inhibition (inhibit both) 
was significantly different from lateralized inhibition. At PO3, inhibit both was not different 
from inhibit right (t(11) = 1.33, p > 0.20), and there was also no difference between inhibit 
both and inhibit left at PO4 (t(11) = 0.31, p > 0.70). 
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Figure 8.3: Grand-averaged ERP’s elicited in the inhibit conditions at posterior electrodes PO3/PO4 
during the cue-target interval. These ERP’s are evoked by central cues indicating the distractor location 
on the left side (solid line), on the right side (dotted line), or on both sides (dashed line). ERP’s show a 
positivity at PO4 (right lateralized inhibition positivity; RLIP) between 220-330 ms contralateral to the 
direction of the distractor cue. Also the mean scalp topography is shown, obtained 250-300 ms after 
cue onset, of the difference between ERP’s elicited by inhibitory cues to the left and ERP’s elicited by 
inhibitory cues to the right. The positivity at right posterior electrodes contralateral to the direction of 
the cue (RLIP) is reflected by positive amplitudes above the right hemisphere. It can be seen that this 
effect is solely present above the right hemisphere. 
 
ERP’s elicited by imperative stimuli: Figure 8.4 shows the mean waveforms evoked by the 
lateralized target and the lateralized distractor stimuli computed at the ipsi- and contralateral 
electrode pair P3/P4. No significant effects were observed in the P1 and N1 latency ranges (F < 
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1)5. For the P2 (200-230 ms) a positive enhancement ipsilateral to targets was revealed by a 
main effect of Condition (F(1,11) = 11.88, p < 0.01) and an interaction between Lateralization 
and Condition (F(1,11) = 14.10; p < 0.01). With respect to the neutral trials, no main of 
Condition (F < 1) and no significant interaction between Lateralization and Condition were 
present (F(1,11) = 2.85; p > 0.10). In the N2 (240–280 ms) latency range, there was also a 
main effect of Condition (F(1,11) = 25.84; p < 0.001) and an interaction between 
Lateralization and Condition (F(1,11) = 11.66; p < 0.01). Similar to the P2, this effect was 
caused by a larger ipsilateral positivity to targets. This difference was also present for neutral 
trials in which a main effect of Condition was observed (F(1,11) = 19.52; p < 0.01) and a 
significant interaction (F(1,11) = 27.84; p < 0.001). Figure 8.5 shows the scalp topography of 
this long-lasting ipsilateral P2/N2 difference between target and distractor stimuli obtained 
250-300 ms after their onset, separately for the left and right visual field. 
 
-100 0   100 200 300 400 500 
-8
-4
0 
4 
8 
Ipsilateral P3/P4
Distractor
Target
-100 0   100 200 300 400 500 
-8
-4
0 
4 
8 
Contralateral P3/P4
Distractor
Target
Time (ms)Time (ms)
A
m
p
li
tu
d
e
 (
µ
V
)
A
m
p
li
tu
d
e
 (
µ
V
)
 
 
Figure 8.4: Grand-averaged ERP’s elicited by imperative stimuli at ipsi- and contralateral parietal 
electrodes P3/P4. These ERP’s are the mean waveforms in response to cued distractors and cued 
targets. There are no early P1/N1 modulations, but there is an ipsilateral positive-going shift to cued 
targets compared to cued distractors in the P2/N2 latency range. 
 
Discussion 
 
It has been hypothesized that selection in the visual field is achieved by activating the relevant 
target location and de-activating (or inhibiting) the irrelevant distractor locations (Sheliga et 
al., 1994; Tipper et al., 1997). The activation of a target location is mediated by a shift of 
spatial attention to that location. Previous experiments have investigated the 
electrophysiological correlates of this shift of spatial attention and have identified several 
distinct components related to the processing of the cue and the shift of spatial attention 
(Eimer et al., 2005; Eimer et al., 2002; Harter & Anllo-Vento, 1991; Harter et al., 1989; Hopf & 
                                                 
5 In order to ensure that no P1/N1 effects were obtained at more lateral electrode sites, the same analysis was 
also performed for the ipsi- and contralateral electrode pair PO7/PO8. There was no main effect of Condition 
and no interaction between Lateralization and Condition (F<1). 
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Mangun, 2000; Yamaguchi et al., 1994). These experiments have used cues that indicated the 
likely target location. However, a recent study showed that cueing a distractor location evokes 
the top-down inhibition of the representation of the distractor location (Van der Stigchel & 
Theeuwes, 2006). In the present study, we did not only want to replicate findings with respect 
to the electrophysiological correlates of the preparation for an upcoming target, but also 
wanted to explore the correlates of inhibiting the location of an upcoming distractor. 
Therefore arrow cues did not only indicate the location of the upcoming target, but also of 
the upcoming distractor. The color of the arrows indicated the type of element that would be 
presented. Target and distractor were presented simultaneously at a variable time period after 
the cue and participants were required to saccade to the target location and to ignore the 
distractor. Either the target or a distractor was presented on the vertical axis or on a laterized 
position, making it possible to record the lateralized brain responses to target and distractor 
preparation. 
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Figure 8.5: The mean scalp topographies of the difference between target and distractor responses 
obtained 250-300 ms after stimulus onset. The left panel shows responses elicited by imperative 
stimuli in the left visual field, the right panel shows responses to imperative stimuli in the right visual 
field. The ipsilateral positivity to target stimuli is largest at mid-parietal sites. 
 
With respect to the preparation for a saccade target, we found an early negative deflection 
over posterior scalp regions contralateral to the direction of the cue, which is in line with 
previous findings of an EDAN (Harter et al., 1989; Hopf & Mangun, 2000; Nobre et al., 
2000b). At fronto-central sites, a second negativity was observed 400 to 500 ms after cue 
onset, corresponding to the ADAN reported in previous studies (Hopf & Mangun, 2000; Nobre 
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et al., 2000b). This was followed by a diffuse widespread negativity at lateral frontal, central 
and posterior sites. Furthermore, in line with our predictions we found a reversed effect in the 
EDAN latency range in response to inhibitory cues: a positive deflection in particular over right 
parietal regions contralateral to the direction of the cue (RLIP). These principal findings will 
now be discussed in turn. 
The replication of ERP components related to the shifting of spatial attention towards the 
target location is important because in the current experiment participants were not directly 
instructed to make an attentional shift, but just an eye movement to the cued location. In 
previous studies, participants were instructed to fixate their eyes on the center of the display 
throughout the course of the experiment (i.e. Eimer et al., 2002; Eimer et al., 2003; Slagter et 
al., 2005). The finding that similar mechanisms are observed for eye movement preparation 
and covert shifts of spatial attention is in line with a functional relationship between the 
attentional and oculomotor system (Rizzolatti et al., 1987; Rizzolatti et al., 1994). 
 
Early-latency reflections of preparation in the cue-target interval  
The earliest ERP component related to preparation was observed between 220 and 330 ms 
after the cue. Starting about 220 ms after cue onset, an enhanced negativity contralateral to 
the direction of the cue was identified at posterior electrodes. This effect is in line with 
previous studies that have also found an early contralateral negativity (EDAN) evoked by a cue 
indicating a likely target location (Harter et al., 1989; Hopf & Mangun, 2000; Nobre et al., 
2000b). This EDAN was first identified by Harter and colleagues (1989) who hypothesized that 
it reflects brain activity related to the processing of the cue and the resulting allocation of 
covert spatial attention. The scalp distribution of this effect is in line with the involvement of 
parieto-occipital cortex in the control of spatial attention. There is ample evidence from single-
cell recordings in monkeys (Colby et al., 1993; Goldberg et al., 1990; Robinson et al., 1978) 
and cortical lesions in humans (Morrow & Ratcliff, 1988; Posner et al., 1984) for the idea that 
parietal cortical regions are indeed subserving spatial attention shifts. Furthermore, recent 
studies using fMRI have shown that the parietal cortex is involved in the top-down control of 
spatial attention (Corbetta & Shulman, 2002). The present results show that parieto-occipital 
cortex is also engaged in the control of eye movement preparation within 220 ms after the 
presentation of the cue. 
Van Velzen et al. (2003) have recently hypothesized that the EDAN is not directly linked to 
the control of attentional shifts but instead reflects the selection of task relevant aspects of 
cue stimuli. According to this idea, the EDAN reflects the mere selection of relevant parts of 
the cue and is therefore comparable to an N2pc. This component has been interpreted as 
reflecting the spatial filtering of irrelevant information (Luck & Hillyard, 1994) and the 
selection of task-relevant stimuli (Eimer, 1996). Van Velzen et al. (2003) observed an EDAN 
regardless of the direction of the attentional shift signaled by their bilateral cues. For instance, 
a cue that was positioned on the left side but directing attention to the right, elicited an EDAN 
contralateral to the cue side (right hemisphere) and not contralateral to the side to which 
attention was to be shifted (left hemisphere). This contrasts with the idea that the EDAN 
reflects neural processes related to the shift of spatial attention. However, note that cueing 
experiments have indicated that the benefits of the advance knowledge about the upcoming 
target location does not improve much for SOA’s greater than 400 ms (Remington, 1980; 
Remington & Pierce, 1984). This seems to suggest that shifts of attention must happen in the 
period before 400 ms after cue onset. Because the EDAN is the sole effect observed in this 
time period, it is the only candidate for the electrophysiological reflection of the shift of spatial 
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attention (see for a similar explanation, Hopf & Mangun, 2000). Future ERP studies may help 
clarify this issue. 
 
Intermediate-latency reflections of preparation in the cue-target interval 
The second distinct ERP effect was observed starting around 400 ms after the presentation of 
the cue and consisted of a negativity at fronto-central sites contralateral to the direction of the 
cue. This component is comparable in latency and localization to the ADAN reported in earlier 
studies (Eimer et al., 2005; Eimer et al., 2002; Eimer et al., 2003; Hopf & Mangun, 2000; 
Slagter et al., 2005). However, the present ADAN appears asymmetric and larger over the left 
hemisphere. There is a focal central/frontal effect over the left hemisphere which appears 
smaller and displaced laterally over the right hemisphere. Still at frontal and central channels, 
there was a significant interaction between Hemisphere and Cued Direction without any main 
effect, showing that this ADAN did not differ statistically between hemispheres. 
The ADAN has been interpreted as an electrophysiological correlate of processes involved 
in the control of allocating spatial attention in anticipation of an expected task-relevant 
sensory stimulus. Indeed, the frontal lobes contribute to the attentional control of voluntary 
focusing and the maintenance of attention (Pardo et al., 1991; Posner & Petersen, 1990). 
Involvement of the frontal structures has been further revealed by studies of dorsolateral or 
medial frontal lobe lesions in humans (Damasio et al., 1980; De Renzi, 1982) and monkeys 
(Watson et al., 1973). The finding that frontal cortex structures are distinctly active also during 
the preparation of eye movements supports a close link between the attentional and the 
oculomotor system. 
 
Late-latency reflections of preparation in the cue-target interval 
Late in the cue-target interval (500-650 ms after cue onset), a diffuse widespread contralateral 
negativity was observed at lateral frontal, central and posterior sites (LDAN). It occurred as an 
enhanced negativity contralateral to the side of the cue. Again the effects are somewhat 
different over the left and right hemisphere. The left hemisphere shows a single more parietal 
focus, whereas the right hemisphere shows two foci of activity at lateral frontal and occipital 
sites. However, statistically, there was no difference between anterior and posterior sites, and 
no difference between hemispheres. 
Some of the studies that have investigated shifts of spatial attention in anticipation of a 
target have found a positivity in the later parts of the cue-target interval (LDAP) (Harter et al., 
1989; Nobre et al., 2000b; Slagter et al., 2005). It has been generally assumed that this 
component reflects the modulation of excitability in cortical structures which process the 
upcoming visual information. Note, however, that the LDAP is not always observed (Harter & 
Anllo-Vento, 1991; Yamaguchi et al., 1994, 1995).  
The reversal of the LDAP might be explained by the difference in response requirements 
between our experiment and the studies that have previously found this component. Whereas 
these studies have used manual or vocal responses, the current experiment is the first to have 
a saccade as the required response. The reversal of this component in the current set-up 
seems to suggest that the LDAP is specific to non-saccadic response preparation and is absent 
when an eye movement is required. Contrary to the LDAP, the EDAN and the ADAN 
components were observed and these components can therefore be regarded as a-specific to 
the required response type. 
Because in the current experiment the upcoming event was highly predictable, it is very 
probable that the oculomotor response was already completely programmed during the cue-
target period. This process is likely to elicit a lateralized readiness potential (LRP) (De Jong et 
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al., 1988; Eimer, 1995) which is assumed to reflect the activation of the saccadic motor 
response that is about to be executed. The finding that the LDAN in the current study was 
widespread and not largest at central electrodes seems to contradict with the common 
observation that the LRP is largest at central electrodes (Gehring et al., 1992; Gratton et al., 
1990). Recently, however, Talsma et al. (2005) have reported a late fronto-central negativity 
that was assumed to reflect processes specific to attentional orienting, such as the 
maintenance of attentional focus at the specified location. This fronto-central effect might 
also represent activity of the Frontal Eye Fields. This brain structure plays an important role in 
the saccade target selection (Schall, 1991). One account of the widespread negativity in our 
experiment is therefore the explanation that this component consists of two distinct 
processes, namely a frontal and parieto-occipital component, reflecting saccadic target 
selection and attentional orienting, respectively. 
 
Early-latency reflections of inhibition in the cue-target interval 
The most important novel finding of the present study was an effect in response to the cue 
that indicated the location of the upcoming distractor. During a similar time period as the 
EDAN, a reversed effect was observed, namely a contralateral positivity starting around 220 
ms after cue onset (RLIP). However, there are important difference between the EDAN and 
this effect with respect to their localization. The positivity evoked by the distractor cue was 
mainly observed at right posterior sites whereas the EDAN was observed above both 
hemispheres. In addition, the EDAN was maximal at PO7/PO8 sites, whereas the RLIP was 
maximal at PO4, indicating that these effects originate from different brain structures in 
parieto-occipital cortex. 
The fact that the response to the distractor cue seems to be restricted to one hemisphere 
might be related to the hemispheric asymmetry in the control of spatial attention revealed by 
neuropsychological (Heilman & Van Den Abell, 1980; Mangun et al., 1994; Mesulam, 1981) 
and imaging studies (Corbetta et al., 1993; Gitelman et al., 1999; Nobre et al., 1997). These 
studies indicate that the right hemisphere contributes to attentional allocations to the left and 
the right visual field, whereas the left posterior network contributes only to shifts to the right 
part of the visual field. It is possible that for inhibitory components an opposite asymmetry is 
responsible for the lateralization of the RLIP.  
It must be noted that some studies of preparatory effects in the cue-target interval have 
also found components that were localized at one particular hemisphere. For instance Nobre 
et al. (2000b) found an ADAN-like fronto-central effect that was lateralized at the right scalp 
with no effect observed over left-hemisphere sites. Also the preparatory EDAN described by 
Hopf et al. (2000) and Harter et al. (1991) was focused at the left occipito-parietal cortex. 
Which neural process this component actually reflects remains somewhat unclear. The fact 
that the time course of this effect resembles that of the EDAN suggests a related function as 
the early-latency preparatory mechanism. The reversed polarity supports the idea that the RLIP 
is a counterpart of the EDAN, not reflecting activation but inhibitory processes evoked by the 
distractor cue. The recent finding that a likely distractor location is inhibited during the cue-
target interval (Van der Stigchel & Theeuwes, 2006) on the basis of a distractor cue is in line 
with this suggestion. Inhibition helps to successfully resolve the competition between target 
and distractor. The distractor cue information might trigger the mechanisms responsible for 
inhibiting the distractor location before the distractor presence, similar to the activation 
process evoked by the target cue. 
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Neutral trials in the cue-target period 
We also included neutral trials in which the exact target or distractor location was uncertain. 
For instance in the neutral target trials, two arrows were presented that could both indicate 
the upcoming target location. Results show that these trials do not significantly differ from the 
trials in which the location of the target or the distractor was certain. For instance, preparatory 
responses to a target cue pointing to the right did not differ from those to a target cue 
pointing to both directions. The present study therefore provides further evidence for the idea 
that attention can be allocated to multiple locations (Awh & Pashler, 2000; Castiello & Umilta, 
1992; Kramer & Hahn, 1995; McMains & Somers, 2004; Van der Stigchel & Theeuwes, 2005a) 
and that saccade sequences can be programmed in parallel (Godijn & Theeuwes, 2003). 
 
ERP components elicited by imperative stimuli 
Contrary to earlier studies the analysis of the ERP waveforms elicited by imperative stimuli 
revealed no general modulation of the P1 and N1 components to targets and distractors. This 
is inconsistent with the usual findings of an enhancement of the P1 and N1 to targets, which 
is assumed to reflect the fact that attention was shifted in response to the cue (e.g. Hillyard & 
Munte, 1984; Hillyard et al., 1998; Mangun & Hillyard, 1991; Michie et al., 1987). We did 
observe a positive shift in the P2/N2 latency range ipsilateral to the target location (200-300 
ms post target). This P2/N2 effect reflects differential processing of the target compared to the 
distractor and was also present for neutral trials. Scalp distribution and preliminary source 
localization suggests that this P2/N2 effect is generated in the medial wall of the contralateral 
parietal cortex and might reflect a relatively late (re)activation of target and distractor 
representations. 
Interestingly, preparing and inhibiting an eye movement was not reflected in P1/N1 
modulations of the imperative ERP’s. However, the close coupling between attention and eye 
movements (Rizzolatti et al., 1987; Rizzolatti et al., 1994) and the evidence that attention 
precedes the eye movement towards the goal (Deubel & Schneider, 1996; Godijn & Pratt, 
2002; Hoffman & Subramaniam, 1995b; Irwin & Gordon, 1998; Van der Stigchel & Theeuwes, 
2005a) may suggest that attention was allocated at the target location just before saccade 
execution. Our finding of the different cue related components also suggests that the cue was 
used and that spatial attention was allocated at the target location. Furthermore, saccade 
latencies in the lateralized target conditions were faster than in the neutral target conditions 
which also implies active processing of the cue resulting in a shift of spatial attention. 
For these reasons, the question arises as to why a modulation of P1/N1 was absent in the 
current experiment. One of the things that might account for the absence of the P1/N1 
modulation is the particular characteristics of the task employed. In previous studies that 
reported P1/N1 modulations, the target stimulus had to be actively processed in order to 
successfully perform the task. In the classic type of cueing ERP studies for instance, 
participants are cued to the left or the right visual field by means of an arrow and are required 
to perform a choice reaction time about the identity of the target (i.e. whether the target 
stimulus was a tall or a short bar (Mangun & Hillyard, 1991)). The P1/N1 modulations on valid 
trials compared to invalid trials are then generally explained by the facilitated sensory 
processing evoked by the shift of spatial attention to the cued location.  
In the current experiment the target basically did not have to be processed, because the 
mere detection of its presence was sufficient to correctly perform the task. The oculomotor 
program was programmed during the cue-target interval and the target onset just served as a 
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go-signal for the saccade. One hypothesis is that P1/N1 modulations are only observed when 
the target element has to be processed up to some level. This is in line with the selection-for-
action account (Allport, 1985; Posner et al., 1988; Schneider & Deubel, 2002) which assumes 
that selection occurs in such a way that the action can be executed optimally. In the current 
task, there was nothing to process at the location of the target and therefore there was no 
need to employ processes of early selection. Because P1/N1 modulations are assumed to 
reflect early attentional selection (Mangun & Hillyard, 1990, 1991), these effects may be 
absent in situations in which early attentional selection is not necessary for successful action 
performance. Note that Mangun and Hillyard (1991) conducted an experiment in which 
participants simply had to detect the presence of a target. Results showed only an effect on 
the P1 component, whereas N1 modulation was absent. This shows that the type of task 
indeed can result in a lack of modulation of ERP’s to imperative stimuli. 
 
Conclusions 
 
The present study provides some important insights in the neurophysiological correlates of 
preparation and inhibition of locations for eye movements. Correlates of preparation were the 
observed EDAN and ADAN effects which are related to shifts of spatial attention, whereas the 
observed late widespread negativity (LDAN) was assumed to reflect both the oculomotor 
programming prior to target presentation as well as attentional orienting. Because the 
distractor location was also cued, this spatial information could be used to inhibit the 
corresponding location prior to distractor presentation. A new ERP component (RLIP) was 
found in response to this top-down inhibition. Future studies will have to investigate whether 
this effect can also be observed for other response modalities.   
 
Experimental Procedure 
 
Participants: Fourteen students of the Vrije Universiteit, aged between 19 and 24 years, 
served as paid volunteers. Three of the participants were male. All reported normal or 
corrected-to-normal vision and were able to discriminate the colors used in the experiment. 
They were naïve as to the purpose of the experiment. All participants gave their informed 
consent prior to their inclusion in the study. One female participant had to be excluded 
because of inadequate fixation in the cue-target interval (see below) and one male participant 
was excluded due to excessive alpha activity. 
Stimuli and Apparatus: The stimuli were presented on a CRT monitor with a refresh rate of 
100Hz. The distance between the monitor and participant was 75 cm. Participants performed 
the experiment in a sound-attenuated and dimly lit room. The central fixation point was a blue 
box (0.22º x 0.22º). Cues were equiluminant red, green or gray arrows (0.69º x 0.11º); targets 
and non-targets were light gray filled circles (0.28º radius). All figures were presented on a 
black background.  
Procedure and design: See Figure 8.6 for an illustration of the display sequence. Each trial 
started with the presentation of a fixation point at the center of the screen. After 700 ms 
three arrows appeared at fixation pointing straight downwards, to the lower left and to the 
lower right. The color of the different arrows was related to the location of the upcoming 
target and distractor, such that the target was presented at the location indicated by the 
green arrow. If the arrow had a red color, a non-target element (‘distractor’) was presented 
simultaneously with the target at the location indicated by that arrow. No object was 
presented at the location indicated by the gray arrow. The equiluminant gray arrow was 
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included in order to avoid laterality differences between the cues, and always pointed to one 
side. The target and the distractor were presented after a cue period that varied randomly 
from 1000-1400 ms. They were presented 7° away from the central fixation point and 
remained on the screen for 800 ms, after which a blank screen was presented for a random 
period of 1300-1700 ms. 
 
700 ms 1000 - 1400 ms 800 ms  
 
Figure 8.6: Sequence of frames on a given trial in the present experiment. After 700 ms the central 
fixation point was replaced by three equiluminant arrows pointing straight downwards, to the lower 
left and to the lower right. The color of the arrow cues indicated the type of the upcoming element at 
that location (green = target, red = distractor, gray = no element). After a variable cue period of 1000 
to 1400 ms the target and the distractor appeared and participants had to saccade to the target 
element. 
 
There were six conditions: prepare left, prepare right, prepare both, inhibit left, inhibit 
right, and inhibit both. The lateralized prepare and inhibit conditions consisted of trials in 
which the participant knew the exact location of the upcoming target and distractor. In these 
trials, there was one red, one green and one gray arrow cue. Moreover, either the target or 
the distractor was presented at one of the lateralized locations (left or right), while the other 
element was presented straight downwards. For instance in the lateralized prepare condition, 
the target was presented on a lateralized location, while the distractor was presented on the 
vertical axis. In the lateralized inhibit condition, this situation was reversed; the distractor was 
presented on a lateralized location and the target on the vertical axis. 
In the prepare both (neutral) condition, the location of the target was uncertain. A red 
arrow was pointing straight downwards and two green arrows were pointing to the two 
lateralized locations. The target was then presented at one of these two locations. In the 
inhibit both (neutral) condition, this situation was reversed: the location of the distractor was 
uncertain, but the participant knew that the target would be presented straight downwards. 
The sequence of trials was randomly assigned to each participant. Lateralized prepare and 
inhibit trials were twice as likely than neutral prepare and inhibit trials. 
Participants received oral instructions before starting the experiment. They were explicitly 
encouraged to maintain central eye fixation and not to make an eye blink throughout the cue 
period. Eye movements were closely monitored during the training blocks. Whenever the EOG 
(see below) revealed that a participant did not maintain central eye fixation during the cue 
period, he or she was reminded of the necessity of continuously fixating the central fixation 
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element. Participants were supposed to move their eyes to the target element when they 
detected its appearance. It was stressed that they had to make a single accurate saccade 
towards the target element and to keep their eyes fixated on the target element until it 
disappeared. The experiment consisted of a training session of 96 trials and an experimental 
session of 768 trials. Before the start of the experiment, participants performed a brief 
heterochromatic flicker fusion test (Boynton, 1979) in which they matched the luminance of 
the green, gray and red colors. 
Procedure and design: EEG was recorded from 30 sintered Ag/AgCl electrodes mounted in 
an elastic cap (Electro-cap International). Electrode positions were a subset of the international 
10/10 system sites (FPz, F7, F3, Fz, F4, F8, C7, C3, Cz, C4, C8, CP7, CP3, CPz, CP4, CP8, P7, 
P3, Pz, P4, P8, PO7, PO3, POz, PO4, PO8, O1, Oz, O2, M2). All electrodes were referenced to 
the left mastoid (M1) and were later digitally re-referenced to the mean between both 
mastoids. The vertical electro-oculogram (vEOG) was bipolarly recorded from electrodes above 
and below the right eye, and the horizontal electro-oculogram (hEOG) was recorded from 
electrodes one centimeter lateral to the external canthi of each eye. All electrode impedances 
were kept below 10 kΩ. 
All electrophysiological signals were on-line low pass filtered (DC-70 Hz), amplified, and 
digitized at 500 Hz. Signals were further off-line filtered (DC-40 Hz) and an automated 
artefact rejection procedure was applied to EOG and EEG data in order to remove trials 
containing saccades or EEG artefacts. Eye blinks were corrected according to the procedure by 
Semlitsch et al. (1986) which is the default procedure in NeuroScan's EEG analysis package. It 
first identifies blinks in the raw, continuous EOG data, then epochs EOG and EEG channels 
around each blink, and computes a "blink-locked" average for each channel. Averaging the 
data locked to blinks serves to reduce noise in these blink estimates, and avoids systematic 
contributions of stimulus or response events, as long as blinks occur sufficiently random. The 
blink-locked average of the vertical EOG is then correlated with the blink-locked averages of 
each EEG channel, in order to compute the EOG-to-EEG propagation factors. These 
propagation factors were plotted and inspected, and had a normal distribution over the scalp. 
The propagation factors were then used to subtract any blink-related activity from the EEG 
data. Note that this procedure was only used to correct for blinks; trials with saccades in the 
cue-target interval were rejected from the analysis. It was necessary to correct for blinks as 
they were difficult to avoid during the task given the relatively short inter-trial intervals, and 
rejecting the blinks would have reduced the number of remaining trials significantly. 
Separate averages were computed for ERP’s during the cue-target interval and for ERP’s in 
response to subsequent imperative stimuli. For the cue period, EEG and EOG were epoched 
off-line into 1050 ms periods, starting 100 ms prior to cue onset and ending 950 ms after cue 
onset. Averages were computed relative to the 100-ms pre-cue baseline. Trials with saccades 
(hEOG or downward vEOG exceeding 50 µV relative to baseline) or other artefacts (EEG 
exceeding ±70 µV at any electrode) were excluded from the analysis. 
The EEG obtained in the cue-target interval was averaged separately for each condition 
(prepare left, prepare right, prepare both, inhibit left, inhibit right, inhibit both). Mean 
amplitude values were computed at posterior electrodes pairs PO7/PO8 and PO3/PO4 from 
220-330 ms, at frontal/central pairs F3/F4, F7/F8, C3/C4 and C7/C8 from 400-500 ms, and at 
frontal/central/occipital pairs F7/F8, C7/C8 and PO7/PO8 from 500-650 ms.  
The mean amplitude values were analyzed by two ANOVA’s, one for preparation and one 
for inhibition. For both statistical tests, the factors were Hemisphere (left vs. right) and Cued 
Direction (left vs. right). In these analyses, the presence of lateralized preparation or inhibition 
effects should be reflected by Hemisphere x Cued Direction interactions. For topographic 
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maps, responses to cues pointing to the right were subtracted from responses to cues 
pointing to the left.  
For the responses to the imperative stimuli, EEG and EOG were epoched off-line into 1000 
ms periods, starting 500 ms prior to target onset and ending 500 ms after target onset. 
Averages were computed relative to a 100-ms pre-target baseline. For the period between 
500 ms before target onset and 150 ms after target onset, trials with saccades (hEOG or 
downward vEOG exceeding 50 µV) or other artefacts (EEG exceeding ±70 µV at any electrode) 
were excluded from analysis. After 150 ms after target onset, eye movements were supposed 
to be initiated and trials were only excluded if the EEG exceeded ±70 µV at any electrode 
location. 
The EEG obtained in response to the imperative stimuli was averaged separately for each 
condition (target left, target right, distractor left, distractor right, neutral target left, neutral 
target right, neutral distractor left, neutral distractor right). Hemispheres were swapped for 
stimuli presented in the right visual field and electrodes were averaged, so that the right 
hemisphere was contralateral and the left hemisphere ipsilateral to the stimulated hemifield. 
Mean amplitude values were computed at electrodes pairs P3/P4 and PO7/PO8 from 115-130 
ms (P1), 150-180 ms (N1), 200-230 ms (P2) and 240-280 ms (N2). The mean amplitude values 
were analyzed by two ANOVA’s, one for the lateralized prepare/inhibit trials and one for the 
neutral prepare/inhibit trials. For both statistical tests, the factors were Lateralization 
(contralateral vs. ipsilateral) and Condition (target vs. distractor). Effects of neutral trials were 
investigated for the time periods at which an effect of Condition was observed. We do not 
report trivial results due to stimulus laterality. 
  
Chapter Nine 
The Influence of ‘Blind’ Distractors on Eye Movement 
Trajectories in Visual Hemifield Defects 
 
 
 
 
 
Abstract 
 
There is evidence that some visual information in blind regions may still be processed in 
patients with hemifield defects after cerebral lesions (‘blindsight’). We tested the hypothesis 
that, in the absence of retinogeniculostriate processing, residual retinotectal processing may 
still be detected as modifications of saccades to seen targets by irrelevant distractors in the 
blind hemifield. Six patients were presented with distractors in the blind and intact portions of 
their visual field and participants were instructed to make eye movements to targets in the 
intact field. Eye movements were recorded to determine if blind-field distractors caused 
deviation in saccadic trajectories. No deviation was found in one patient with an optic chiasm 
lesion, which affect both retinotectal and retinogeniculostriate pathways. In five patients with 
lesions of the optic radiations or striate cortex, the results were mixed, with two of the five 
patients showing significant deviations of saccadic trajectory away from the ‘blind’ distractor. 
In a second experiment, two of the five patients were tested with the target and distractor 
more closely aligned. Both patients showed a ‘global effect’, in that saccades deviated 
towards the distractor, but the effect was stronger in the patient who also showed significant 
trajectory deviation in the first experiment. While our study confirms that distractor effects on 
saccadic trajectory can occur in patients with damage to the retinogeniculostriate visual 
pathway but preserved retinotectal projections, there remain questions regarding what 
additional factors are required for these effects to manifest themselves in a given patient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., van Zoest, W., Theeuwes, J., & Barton, J. J. (under revision). The 
influence of ‘blind’ distractors on eye movement trajectories in visual hemifield defects. 
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Although the predominant visual pathway in humans is the retinogeniculostriate pathway, 
which projects from the retina to the lateral geniculate nucleus and then to primary visual 
cortex, other pathways also exist, including in particular the retinotectal pathway, which 
projects from the retina to the superior colliculus in the midbrain. In humans, a lesion of the 
retinogeniculostriate pathway beyond the optic chiasm results in a hemifield defect, in which 
visual loss is present in both eyes but limited to the field contralateral to the lesion. Extensive 
research over the past 30 years suggests that, despite lack of conscious visual perception in 
the blind field, some residual unconscious visual function may still persist in at least some 
patients, a phenomenon named ‘blindsight’ (Weiskrantz, 1986).  
Studies of blindsight have used numerous methods to investigate a variety of visual 
functions. Most common are studies of saccadic or manual pointing accuracy to luminant 
targets in the blind hemifield (Blythe et al., 1987; Perenin & Jeannerod, 1975; Pöppel et al., 
1973; Weiskrantz et al., 1974), and forced-choice discrimination regarding stimulus attributes 
such as motion, color or form (Barbur et al., 1980; Perenin, 1991; Sanders et al., 1974; 
Weiskrantz et al., 1974). More recently, studies also turned to ‘indirect’ strategies that 
circumvent the awkward need to ask patients to respond to something they denied seeing. 
Rather, these indirect methods measure the effect of blind-field stimuli on the patient’s 
responses to targets in the seeing visual field (Corbetta et al., 1990; Danziger et al., 1997; 
Intriligator et al., 2002; Marcel, 1998; Marzi et al., 1986; Pizzamiglio et al., 1984; Rafal et al., 
1990; Tomaiuolo et al., 1997; Weiskrantz, 1990). 
Some blindsight experiments were motivated by the hypothesis that, in the absence of 
retinogeniculostriate processing, residual processing of the retinotectal pathway may still be 
detected. For example, saccadic localization was considered a function that could reflect 
retinotectal processing, and hence was the subject of the first blindsight study (i.e., Pöppel et 
al., 1973; Zihl, 1980). Putative functions of the superior colliculus continue to motivate more 
recent studies of blindsight that have used indirect strategies. However, evidence for these 
functions is controversial. For instance, Rafal et al (1990) showed that distractors in the blind 
field of three hemianopic patients increased saccade latencies to a target in the intact field. In 
normal subjects, when target and distractor are presented far apart saccade latency is 
increased relative to a single target condition, a finding known as the remote distractor effect 
(Levy-Schoen, 1969), an effect that is likely mediated by the superior colliculus (Olivier et al., 
1999). However, these results were not replicated in another study (Walker et al., 2000), and 
another (unpublished) study observed a remote distractor effect for blindsight patient G.Y. but 
not in several other hemianopic patients (Cochrane, 1995), described in (Weiskrantz, 1997). 
Given these conflicting results, the existence of retinotectal function in blindsight still 
remains uncertain, particularly since there are other potential explanations of blindsight, 
including, for example, direct projections from the geniculate to extra-striate cortex (Stoerig & 
Cowey, 1997). Therefore, to further investigate retinotectal visual processing in blindsight, we 
studied hemianopic vision using a new measure of distractor effects on saccadic eye 
movements.  
In recent years there has been an increasing interest in modifications of the trajectory of 
saccades (for a review, see Van der Stigchel et al., 2006). These studies have revealed that 
these modifications are a measure of visual processing and can yield valuable information 
about the mechanisms that control eye movements. In visual search experiments involving 
either humans (Godijn & Theeuwes, 2002b; McPeek et al., 2000; Walker et al., 2006) or 
monkeys (McPeek et al., 2003; McPeek & Keller, 2001; Port & Wurtz, 2003), saccades to a 
target deviate towards the location of a salient distractor. In addition, irrelevant distractors 
may also cause saccade trajectories to deviate away from the location of the distractor (Doyle 
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& Walker, 2001, 2002; Ludwig & Gilchrist, 2003; Van der Stigchel & Theeuwes, 2005b). 
Specifically, the direction of the saccadic deviation (towards or away from a distractor) 
depends on top-down influences, such as whether the participant has prior knowledge about 
the location of either the target or the distractor (Van der Stigchel et al., 2006; Walker et al., 
2006). 
Similar to the remote distractor effect, these deviations in saccadic trajectory are thought to 
reflect competition between saccade goals in the superior colliculus. McPeek and colleagues 
(2003) showed that, when a saccade deviated towards a distractor during visual search, there 
was increased pre-saccadic activity at the location of the distractor. Also, micro-stimulation of 
the superior colliculus below the threshold for saccade generation caused saccades to deviate 
towards the stimulated location, and the magnitude of this deviation correlated with the 
activity induced at the stimulated location.  
Given the evidence that the superior colliculus plays a role in generating the deviations in 
saccade trajectory that are induced by distractors, we hypothesized that such deviations could 
be used to probe for residual retinotectal function in blindsight. Similar to previous studies 
investigating the interference evoked by ‘blind’ distractors (Cochrane, 1995; Rafal et al., 1990; 
Walker et al., 2000), we recorded saccades to visible targets, with and without distractors that 
could be located in either blind or intact portions of the visual field. The influence of the 
distractor was examined by measuring deviations in saccadic trajectory.  
 
Experiment 1 
 
Methods 
 
Subjects: We studied five patients with homonymous hemifield defects from lesions of the 
optic radiations or striate cortex due to strokes or intracerebral hemorrhages (Table 9.1, Figure 
9.1). These subjects have lesions that affect the retinogeniculostriate pathway but not the 
retinotectal one. As a control we tested a sixth patient with a pituitary tumor that compressed 
his optic chiasm, causing bitemporal hemianopia, which affects both retinogeniculate and 
retinotectal projections. All patients had a complete neurologic and neuro-ophthalmologic 
examination excluding other ocular or neurologic conditions. Visual fields were documented 
with Goldmann perimetry (Figure 9.2), and the brightest stimulus, the V4e target, was used to 
verify blindness in the retinotopic regions to be studied. Hemi-neglect was excluded by normal 
performance on the Sunnybrook Neglect Assessment Battery (Weintraub & Mesulam, 1985). 
All subjects gave informed consent according to the standards of the Declaration of Helsinki 
for a protocol that was approved by the institutional review boards of the hospital and the 
university. 
As expected with naturally occurring lesions, the five patients with cerebral lesions varied in 
the extent of both their hemifield loss and lesions. Case 1 had an extensive lesion affecting 
the left medial occipital lobe, fusiform gyri, lateral occipitotemporal cortex and anterior 
temporal cortex. Case 2 had a focal partial striate infarct, with a correspondingly modest 
homonymous paracentral scotoma. Case 3 had a typical right posterior cerebral arterial 
infarction, affecting striate and medial occipitotemporal structures, including the posterior 
lingual gyrus. Case 4 had an occipital lobar hemorrhage that left residual damage to the white 
matter underlying striate cortex, lingual gyrus, and dorsomedial occipital cortex, including the 
cuneus. Case 5 had a restricted left posterior cerebral arterial infarction affecting primarily 
striate cortex and the posterior aspect of the medial occipital lobe.  
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The five patients with homonymous hemifield defects were tested with both eyes open, 
and the patient with bitemporal hemianopia was tested with only the left eye viewing. Four 
patients had incomplete hemifield defects (cases 1, 2, 3 and 6) and in three of these (cases 1, 
3, and 6) the hemifield defect affected one contralateral visual quadrant primarily, with 
residual vision in the region where our experimental stimuli were located in the other 
quadrant. For these patients, analysis of the incomplete hemifield was limited to the blind 
quadrant. In all patients, the degree of saccade deviation induced by distractors in the blind 
portion of the visual field was compared to that induced by distractors in the seeing ipsilateral 
hemifield to verify that the distractors were indeed capable of inducing saccade deviation. 
Apparatus: Participants performed the experiment in a sound-attenuated setting with 
bright background lighting to reduce the contribution of light-scatter, viewing a display 
monitor from a distance of 70 cm. Eye movements were recorded by an Eyelink-II system (SR 
Research Ltd, Canada), an infra-red video-based eye tracker that has a 500 Hz temporal 
resolution and a spatial resolution of 0.01°. The subject’s head was stabilized with a chin and 
forehead rest, and an infrared head-mounted tracking system compensated for any residual 
head motion. The left eye was monitored in all subjects. An eye movement was considered a 
saccade when either eye velocity exceeded 35°/s or eye acceleration exceeded 9500°/s2. 
 
Case Age 
(years) 
Sex Duration 
(months) 
Lesion Visual Structure 
1 42 F 60 infarct, middle cerebral artery optic radiations 
2 40 F 14 infarct, medial occipital cortex striate cortex 
3 47 M 1 infarct, medial occipital cortex optic radiations/striate 
4 40 M 144 hemorrhage, occipital lobe optic radiations 
5 27 M 60 infarct, medial occipital striate cortex 
6 47 M 1 pituitary adenoma optic chiasm 
 
Table 9.1: Patients studied. 
 
Stimuli: All figures (fixation, target, distractor) were white (40 cd/m2) on a black 
background of luminance (0.6 cd/m2), as measured with an OptiCal photometer (Model 
OP200-E, Cambridge Research Systems). Each trial started with the presentation of a ‘plus’ 
character (0.94º x 0.94º) in the center of the screen that functioned as the fixation stimulus 
(Figure 9.3). After 600 ms an arrow (of 1.09° height and 0.13° width) pointing up or down 
appeared directly above or below the fixation position (‘cue’). After a variable period of 800-
1200 ms, the target appeared (a solid circle with a diameter of 0.94°) located at an 
eccentricity of 8.1° on the vertical meridian, in the direction indicated by the cue. In a third of 
trials, the target was the only element presented. In the remaining two-thirds, a diamond-
shaped distractor (sides measuring 1.09° x 1.09°) appeared at the same time as the target. 
The distractor was always located in the same vertical hemifield as the target, but half the 
time it was in the spared hemifield ipsilateral to the lesion, and half the time in the 
contralateral hemifield. The distractor was presented 6.26° away from fixation in the 
horizontal direction and 4.69° away in the vertical direction. Both elements were presented 
for 1200 ms. 
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Figure 9.1: Axial MRI or CT images of lesions in the patients. Case 1 has a large 
occipitotemporoparietal infarct. Cases 2 and 5 have small infarcts of striate cortex. Case 3 has a more 
extensive medial occipitotemporal infarct. Case 4 shows residual damage after an occipital 
hemorrhage. Case 6 has a pituitary adenoma compressing the optic chiasm, shown as the bright mass 
on this CT scan with contrast. 
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Figure 9.2: Goldmann perimetry of visual fields of six patients. The largest isopter in all cases 
represents the V4e target. Black regions indicate scotomata. Likewise the oblique slashes for case 6 
indicate regions where the patient does not respond to visual stimuli.  
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Figure 9.3: Sequences of frames on a given trial in the present experiment. After 600 ms an arrow cue 
pointing up or down appeared. After a variable period of 800-1200 ms, the target appeared in the 
direction indicated by the cue. In two-thirds of the trials, a diamond-shaped distractor appeared at the 
same time as the target. The bottom of the figure shows the exact location of the distractor for both 
experiments. 
 
Procedure and design: Participants were instructed to fixate the center fixation point until 
the target appeared, when they were to move their eyes to the target. It was stressed that 
they should try to make a single accurate saccade. Each session started with a nine-point grid 
calibration procedure. In addition, simultaneously fixating the center fixation point and 
pressing the space bar recalibrated the system by zeroing the offset of the measuring device 
at the start of each trial. 
After calibration, we administered a short visual field test to confirm our estimations from 
Goldmann perimetry about which contralateral target locations were located in seeing versus 
blind regions. Subjects were given 52 trials, 26 of which contained no stimulus, and 26 of 
which contained a circle of the same luminance as the experimental targets, shown at one of 
26 possible locations in either hemifield, including the locations of potential targets and 
distractors in the experiment. Participants had to report at the end of each trial whether they 
saw a circle. For all patients, this test replicated the Goldmann perimetry with patients 
responding “yes” to stimuli in the intact visual field and responding “no” to stimuli in the 
blind visual field. None of the subjects reported any awareness of stimuli in their blind regions 
with this technique, or during the actual experiment. 
The experiment consisted of a training session of 30 trials and an experimental session of 
300 trials. Participants heard a short tone when the saccade latency was higher than 600 ms 
or lower than 80 ms. The sequence of trials was randomized for each participant, in terms of 
both target location (up or down) and distractor condition (none, contralateral or ipsilateral). 
Data analysis: Saccade latency was defined as the interval between target onset and the 
initiation of a saccadic eye movement. If saccade latency was shorter than 80 ms, or longer 
than 600 ms or 2.5 standard deviations from the subject’s mean latency, the trial was 
removed from analysis. Trials were excluded if there was no saccade or the first saccade was 
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too small (<3°). If the endpoint of the first saccade had an angular deviation of more than 
22.5° from the center of the target, the saccade was classified as an error and also not 
analyzed. Furthermore, the initial saccade starting position had to be within 2° from the 
center fixation point for the vertical and 1° for the horizontal direction. These exclusion criteria 
led to a loss of 18% of trials. 
In the remaining trials we measured saccade deviation, defined as the mean angle of the 
saccade path relative to the angle of a straight line between the saccade starting position and 
the target location. The mean angle of the saccade path was calculated by averaging the 
angles of the straight lines between the saccade starting position and the different sample 
points (for a more detailed overview of saccade trajectory computation, see Van der Stigchel 
et al., 2006). For each saccade in a trial with a distractor we compared its mean path angle to 
that of the averaged mean-path-angles of all saccades in trials without a distractor, to 
determine if the saccade in the presence of a distractor deviated towards or away from the 
location of the distractor. Deviations were signed so that a positive value indicated deviation 
towards the distractor, and a negative value deviation away.  
Separate calculations were made for each distractor location (‘Left Upper’, ‘Left Lower’, 
‘Right Upper’, and ‘Right Lower’), but then collapsed in each hemifield if both vertical 
quadrants had the same visual status (seeing versus blind). We excluded trials in which the 
deviation of mean-path-angle was further than two and a half standard deviations away from 
the mean deviation the trial. Using the remaining data, for both the blind and intact field, we 
used t-tests to determine whether the deviations in saccade trajectory were significantly 
different from zero. Note that a mean saccade deviation of zero indicates no difference 
between the no-distractor and the distractor condition. 
 
Results 
 
Distractors in the seeing hemifield influenced saccade trajectory in all participants (Table 9.2). 
In two subjects (cases 1 and 3) saccades deviated towards the distractor, whereas deviation 
away from the distractor was observed for the four other patients. Figure 9.4 shows mean 
saccade trajectories for three subjects. 
For distractors in the blind hemi-field, we observed no saccade deviation in case 6, the 
patient with a lesion of the optic chiasm that would be expected to de-afferent both the 
retinogeniculostriate and retinotectal pathways. In the other five patients, with potentially 
spared retinotectal function, the results were mixed. Two patients (cases 1 and 2) showed no 
saccade deviation induction by blind-field distractors. However, two other patients (cases 3 
and 4) showed significant induction of saccade deviation and another (case 5) showed a trend 
to saccade deviation. 
 
Comment 
 
We found that a distractor in the intact field influenced saccadic trajectory in all patients, 
consistent with the numerous reports on the effect of an irrelevant distractor on saccadic 
trajectories in healthy subjects (Doyle & Walker, 2001, 2002; Ludwig & Gilchrist, 2003; Van 
der Stigchel & Theeuwes, 2005b; Van der Stigchel & Theeuwes, 2006). This was an important 
control, as it ensured that lack of an effect in the blind hemifield was not due to problems 
with our paradigm in generating deviations in trajectory. 
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Figure 9.4: Mean saccade trajectories of each condition for three patients. In the top left of each 
figure, it is shown in which quadrant of the stimulus screen the patient could not see the distractor. 
Fixation is indicated by the central cross. The arrows indicate which trajectory is in response to a 
distractor in the blind field. 
  
   Case Blind field Intact field 
 Saccade deviation t-test Saccade deviation t-test 
1 -0.003 p = 0.64 +0.018 p < 0.03 
2 +0.005 p = 0.46 -0.025 p < 0.0001 
3 -0.027 p < 0.03 +0.036 p < 0.01 
4 -0.035 p < 0.001 -0.046 p < 0.0001 
5 +0.020 p = 0.06 -0.046 p < 0.01 
6 -0.011 p = 0.33 -0.033 p < 0.0001 
 
Table 9.2: Mean saccade deviation for the subjects in radians. Note that positive and negative values 
refer to measurements towards and away of the distractor location, respectively. 
 
Of note, though, these intact-field distractors caused different deviations in different 
patients, with four patients showing deviation of saccades away from the distractor, and two 
showing deviation towards. In normal subjects, deviation away is generally observed (Doyle & 
Walker, 2001, 2002; McSorley et al., 2005; Van der Stigchel & Theeuwes, 2005b; Van der 
Stigchel & Theeuwes, 2006). However, these studies reported group effects rather than 
individual results, and a recent study has confirmed that saccade deviations are indeed subject 
to individual differences (McSorley et al., 2005). In patients there may be additional pathologic 
reasons for differences in the effect of distractors on saccadic trajectory. Although the effects 
of distractors are seen in the superior colliculus, top-down inhibition from cortical regions may 
contribute to deviation away from irrelevant distractors (McSorley et al., 2004; Sheliga et al., 
1994; Van der Stigchel et al., 2006). Since frontal lobe (Guitton et al., 1985) and temporal-
parietal damage (Butler et al., in press) may reduce inhibition in some oculomotor tasks, the 
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lesions in some of our patients may have reduced top-down effects on saccadic deviation. Of 
note, the two patients with deviation towards the distractor (cases 1 and 3) were those with 
the largest strokes in our group, with significant temporo-parietal or occipitotemporal 
damage. 
Regarding the blind field, we confirmed that no deviation occurred in the patient with a 
lesion of the optic chiasm. Our results in patients with lesions of the optic radiation or striate 
cortex were mixed. Nevertheless, in two of our patients saccades significantly deviated away 
from a distractor which was not consciously reported, supporting our hypothesis that in at 
least some patients with lesions affecting the retinogeniculostriate but not the retinotectal 
pathway, distractors could induce trajectory deviations.  
Because saccade trajectory modifications are thought to be due to competition between 
possible saccade target locations in the oculomotor system, this indicates that visual stimuli in 
the blind visual field are still represented in the oculomotor system. To further investigate this 
issue we ran another experiment looking at a different distractor effect. When distractors are 
located close to the target - within 20° or 30° of angular distance (Walker et al., 1997) - a 
‘global effect’ results, in that the eyes land on an intermediate location between the target 
and the distractor (Coren & Hoenig, 1972). The global effect is explained in terms of a ‘center 
of gravity’ account, which states that the saccade endpoint is based on the relative saliency of 
the elements in the visual field (Coren & Hoenig, 1972). Recently, it has been shown that not 
only the endpoint is affected in this situation, but the whole trajectory deviates towards the 
distractor (Van der Stigchel & Theeuwes, 2005b). In experiment 2, we tested for this deviation 
towards the distractor in two contrasting patients (cases 2 and 4). Due to availability of the 
patients, only these two could be tested in the second experiment. One (case 2) did not show 
an effect of a blind distractor on saccadic trajectory in experiment 1, whereas the other (case 
4) did. Our hypothesis was that the global effect on trajectory would be also found in the 
latter patient but not the former. Moreover, it has been demonstrated that the global effect is 
greatly influenced by saccadic latency such that the deviation decreases as saccadic latencies 
increase (Van der Stigchel & Theeuwes, 2005b). Time-course analyses were performed in 
Experiment 2 to investigate whether the patients show a similar decrease in deviation as a 
function of saccadic latency and whether this varies depending on whether a distractor is 
presented in the blind or intact field of vision.  
 
Experiment 2 
 
Methods 
 
Procedure: The current experiment was identical to Experiment 1, except for two aspects. 
First, the distractor was presented 3.13° away from fixation in the horizontal direction and 
6.26° away in the vertical direction, and thus was located close to the target location at 8.09° 
eccentricity on the vertical meridian (see Figure 9.3). Second, the target location was not cued 
in advance, but presented at one of the two target locations without any advance indication. 
The experiment consisted of a training session of 30 trials and an experimental session of 300 
trials. Among the 26 locations tested in the short visual field test described in experiment 1 
were the locations of potential targets and distractors of the current experiment. 
Data analysis: We used the same exclusion criteria to eliminate trials of inappropriate 
latency, accuracy or size, resulting in a loss of 7.17% of trials. Again, we measured saccade 
deviation as defined in experiment 1. This was done separately for distractors in blind regions 
of the contralateral hemifield, and seeing regions of the ipsilateral hemifield. We then divided 
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saccades in trials with distractors into three latency bins: the fastest third, the middle third, 
and the slowest third, and averaged saccade deviation for all saccades within each bin. We 
used t-tests to determine if the average saccade deviations within a bin were significantly 
different from zero. ANOVAs were run to investigate whether there was a main effect of 
latency bin. If the bins were different, post-hoc linear contrasts were used to investigate 
whether the deviation effect decreased with increasing latency. 
 
Results 
 
Case 2 showed in her intact field a consistent global effect: that is, a deviation towards the 
distractor that was significant for all three latency bins (p < 0.02; see Figure 9.5). There was a 
main effect of latency bin (F(2,90) = 10.25; p < 0.001): in line with previous research (Ottes et 
al., 1985; Van der Stigchel & Theeuwes, 2005b), the deviation effect decreased when saccade 
latencies lengthened, as indicated by a post-hoc linear contrast (p < 0.001). In contrast, 
distractors in the blind field did not generate a consistent deviation, with only a single 
significant effect in the fastest latency bin (t(15) = 2.51; p < 0.05), and a trend for a main 
effect of latency bin (F(2,28) = 3.17; p = 0.057). 
Case 4 showed a global effect in the intact field, but only for the fastest responses (t(30) = 
3.10; p < 0.01). There was a main effect of latency bin (F(2,58) = 7.88; p < 0.001): this effect 
again decreased when saccade latencies lengthened (p < 0.001) and even showed the 
opposite effect for the slowest responses (t(29) = 2.52; p < 0.02). Distractors in the blind field 
also generated a consistent deviation towards for the first two latency bins (first bin (t(29) = 
5.57; p < 0.001); second bin (t(29) = 3.88; p < 0.001)) and a main effect of latency bin 
(F(2,56) = 8.30; p < 0.001). This effect again decreased when saccade latencies lengthened, as 
indicated by a post-hoc linear contrast (p < 0.001). Of note, for the first two latency bins the 
deviation towards was larger with distractors in the blind hemifield than with distractors in the 
seeing hemifield, although this effect was only marginally significant for the first bin (first bin: 
t(29) = 1.85; p = 0.07. second bin: t(29) = 2.92; p < 0.01). 
In summary, Case 2, who did not show a significant effect of distractors on the deviation 
of saccadic trajectories, showed only a weak deviation towards for short-latency saccades, 
whereas Case 4, who did have a significant distractor-induced deviation effect, showed a 
strong deviation towards for both short- and medium-latency saccades. 
 
Comment 
 
This second experiment showed that a global effect could be elicited by blind-field distractors 
in both patients; however, this deviation was larger relative to the effect in the seeing field in 
case 4, the patient who had demonstrated a significant effect of blind-field distractors on 
saccadic trajectory in experiment 1, but not in case 2, the patient without a significant effect 
in experiment 1. In line with behavioral studies of the global effect, the deviation decreased 
with increasing saccade latency (Ottes et al., 1985; Van der Stigchel & Theeuwes, 2005b), a 
finding that was also observed in the only other report of the global effect in a single 
hemianopic subject, the blindsight patient G.Y. (Barbur et al., 1988). 
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Mean Latency(ms)
Blind   225        261       294
Intact   214            258       331
Mean Latency(ms)
Blind   181         224             277
Intact   188         218       286
*
*
*
*
*
*
*
*
 
 
Figure 9.5: Results of Experiment 2. Mean deviation is shown for eye movements in response to 
distractors in both the blind and intact part of the visual field. Mean deviations are divided in three 
latency bins. Both patients showed trajectory deviation towards the distractor that decreased with 
slower saccadic responses, but the effect of the ‘blind’ distractor was stronger in the patient who 
showed significant trajectory deviation in the first experiment. 
 
General Discussion 
 
We tested the hypothesis that in the absence of retinogeniculostriate processing, residual 
processing of the retinotectal pathway may still be detected as a modification of saccades to 
seen targets by irrelevant distractors in the blind hemifield, given the known role of activity in 
the superior colliculus in generating deviations of saccade trajectory (McPeek et al., 2003). 
Experiment 1 showed that in two of the five patients with hemifield defects, saccade 
trajectories to a target on the vertical meridian significantly deviated away from a ‘blind’ 
distractor, and a similar trend was seen in a third patient. Because saccade trajectory 
modifications are the result of competition between possible saccade targets in the 
oculomotor system (Van der Stigchel et al., 2006), this indicates that, although unconscious, 
visual stimuli in the blind visual field of these patients are still treated by the oculomotor 
system as possible targets for subsequent eye movements. To further test this hypothesis, two 
of the patients were tested again in experiment 2, in which the distractor was presented close 
enough to the target to elicit a global effect in normal subjects (Walker et al., 1997) and in 
the intact hemifield of these two patients. Both patients showed a deviation towards the 
distractor that decreased with slower saccadic responses, but the effect was stronger in the 
patient who showed significant trajectory deviation in experiment 1.  
One of the six patients (case 6) served as an anatomic control, in that his lesion likely 
affected both retinogeniculate and retinotectal projections at the optic chiasm. As expected, 
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he showed no deviation of saccadic trajectory away from blind-field distractors. His result also 
serves as an inter-subject control for light scatter. Blindsight-like performance in some 
experimental conditions may occur because a stimulus projected to the blind field is associated 
with light diffusing into the seeing field (Cowey, 2004). The fact that case 6 does not show 
any deviation of saccadic trajectory from distractors in the blind field suggests that any light 
scatter in our experiment is insufficient to generate the deviations seen in Cases 3 and 4 on an 
artifactual basis. Likewise, the lack of a distractor effect in Cases 1 and 2 argues against light 
scatter as an explanation of the results in Cases 3 and 4, particularly since Case 2 had the 
smallest hemifield defect and hence the greatest vulnerability to the effects of light scatter. 
The present study is consistent with a previous study of the influence of blind-field 
distractors on saccades to seen stimuli, which found that latencies to seen targets were 
increased by a distractor in the blind field (Rafal et al., 1990). Because the superior colliculus 
plays an important role in the remote distractor effect (Olivier et al., 1999), it was 
hypothesized that the surviving retinotectal pathways was responsible for the presence of this 
effect when the distractor was located in a blind hemifield. Further indirect evidence for the 
role of the superior colliculus in mediating distractor effects on saccades was recently 
produced by a transcranial magnetic stimulation (TMS) study (Ro et al., 2004). Stimulation of 
the primary visual cortex caused a blind spot in which participants could not consciously 
perceive visual stimuli. Despite this, saccades were delayed when distractors were located 
within the blind spot. Furthermore, monkeys with removal of the primary visual cortex showed 
increased reaction times of a reach to a visual target presented in the normal hemifield when 
a distractor was presented in the blind hemifield (Cowey et al., 1998). This effect was only 
observed when the distractor was presented before the target. These results further suggest 
that the distractor effect for saccades does not depend upon the retinogeniculostriate 
pathway. 
Of note, we observed deviation of trajectories away from blind-field distractors in the first 
experiment and saccade deviation towards blind-field distractors in the second experiment. An 
explanation of these contrasting effects may be found in the population coding theory of 
Tipper and colleagues (Tipper et al., 2000; Tipper et al., 1997). This theory states that possible 
target objects are represented by a large population of neurons that encode the movement 
towards each target object as a vector. The strength of a population code is related to the 
saliency of the corresponding object. When two possible targets are positioned in close 
proximity, the populations corresponding to these targets will be combined to one mean 
population, resulting in a target vector with an intermediate location (i.e. the global effect). 
On the other hand, competition between two widely separated active populations has to be 
resolved by inhibiting one of them. Inhibition of one population may distort the resulting 
movement vector to the selected target, represented by the other population. The amount of 
deviation is related to the inhibition applied to the cancelled vector: the stronger the 
inhibition, the greater the deviation will be. 
Deviations away from a distractor, as observed in the first experiment, are therefore 
generally associated with a large amount of inhibition (McSorley et al., 2004; Sheliga et al., 
1994). Inhibition of the distractor vector shifts the target vector away from the distractor 
location. In at least two of our patients, a distractor in the blind hemifield was able to 
generate such inhibition, in the absence of retinogeniculostriate processing. 
In the case of the global effect observed in the second experiment, with two targets in 
close proximity, the weighted average of the mean population is located at an intermediate 
location. The competition between the two elements is not resolved and the saccade deviates 
to a position between the target and the distractor. Indeed, in situations in which the global 
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effect occurs, activity in the superior colliculus has been found to be highest at a location in 
between the two targets (Glimcher & Sparks, 1993; Van Opstal & Van Gisbergen, 1990). The 
fact that the global effect is generally observed for only the fastest saccades may be explained 
by the time-course of visual selection. For shorter latencies, target selection is more stimulus-
driven (Van Zoest et al., 2004), whereas at longer latencies the selection process may be 
affected more by goal-driven processes like inhibition. In these situations, the distractor is 
successfully inhibited and the global effect is eliminated. The present results show that similar 
mechanisms play a role in the blind visual field of patients with hemifield defects. 
A remaining issue is why distractor effects were only found in some patients with putative 
sparing of the retinotectal pathway and not others. This variability is consistent with the 
literature, however: whenever larger series of patients have been examined for blindsight, the 
general rule has been that it is variably present and often rare (Barton & Sharpe, 1997a; 
Kasten et al., 1998; Scharli et al., 1999). Explaining this variability is a challenge. One 
possibility advanced is that blindsight may depend on how much additional damage to extra-
striate visual cortex exists in a given patient (Weiskrantz, 1990). However, correlations 
between blindsight and cortical lesion anatomy have proven elusive (Barton & Sharpe, 1997a, 
1997b; Blythe et al., 1986; Magnussen & Mathiesen, 1989; Marzi et al., 1986). In our study 
blind-field influences did not appear to correlate with lesion size either: one patient (Case 3) 
with a large posterior cerebral artery infarct showed a distractor effect from the blind-field, 
while another patient with a very focal striate lesion (Case 2) did not. Furthermore, one can 
question the relevance of additional cortical damage to phenomena that are thought to 
depend on retinotectal function, such as the effect of distractors on saccades. However, a 
recent study with diffusion tensor imaging of four hemispherectomized patients found that 
the two patients in whom blindsight could be demonstrated with a spatial summation 
paradigm had projections from the superior colliculus to visual association cortex bilaterally, 
whereas the two who did not have blindsight had only ipsilateral projections to cortex (Leh et 
al., 2006). Whether similar connections between the superior colliculus and visual association 
cortex contribute to the saccadic phenomenon we studied is not known. 
Other sources of variables are timing parameters, including age at onset (Blythe et al., 
1987; Moore et al., 1996; Payne et al., 1996; Perenin & Jeannerod, 1978) (but see, Ptito et 
al.,1987), duration of lesion, and extent of training if any (Bridgeman & Staggs, 1982; 
Magnussen & Mathiesen, 1989; Zihl, 1980; Zihl & Werth, 1984a, 1984b) (but see, Balliet et 
al., 1985) and Blythe et al., 1987). These factors could influence the potential for neural 
plasticity in a given subject, and may be relevant to blindsight if this phenomenon requires 
modifications to the neural system. Again, though, these factors do not seem to account for 
the variability in our data. First, cases 1 to 4 were all in their fifth decade; second, while one of 
the two subjects with distractor effects from the blind field had had his defect for 12 years, 
the other had his for only a month; and third, no subject had received training. Therefore, 
while our study does confirm that distractor effects on saccadic trajectory and endpoint can 
occur in patients with damage to the retinogeniculostriate visual pathway, there remain 
questions regarding what additional factors are required for these effects to manifest 
themselves in a given patient. 
   
Chapter Ten 
Oculomotor Capture in ADHD, Which Type  
of Response Inhibition is Affected? 
 
 
 
 
 
Abstract 
 
It is generally thought that deficits in response inhibition form an important area of 
dysfunction in patients with Attention-Deficit/Hyperactivity Disorder (ADHD). However, recent 
research using visual search paradigms seems to suggest that these inhibitory deficits do not 
extend towards inhibiting irrelevant distractors. Using an oculomotor capture task, the present 
study investigated whether boys with ADHD and their non-affected brothers are impaired in 
suppressing reflexive eye movements to a task irrelevant onset distractor. Results showed that 
boys with ADHD had slower responses than controls, but were as accurate in their eye 
movements as controls. Non-affected siblings showed similar problems in the speed of 
responding as their affected brothers, which might suggest that this deficit relates to a genetic 
predisposition for the disorder. Importantly, all three groups were equally captured by the 
distractor, which shows that children with ADHD and their siblings are not more distracted by 
the distractor than controls. Saccade latency and the proportion of intrusive saccades related 
to continuous dimensions of ADHD symptoms, which suggests that these deficits are not 
simply present or absent, but rather indicate that the severity of these deficits relate to the 
severity of ADHD. The finding that children with ADHD (and their non-affected siblings) did 
not have problems inhibiting irrelevant distractors, contradicts a general response inhibition 
deficiency in ADHD, which may be explained by the relatively independency of working 
memory in this type of response inhibition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Van der Stigchel, S., Rommelse, N., Deijen, J. B., Geldof, C. J. A., Witlox, J., Oosterlaan, J., 
Sergeant, J., & Theeuwes, J. (submitted). Oculomotor capture in ADHD, which type of 
response inhibition is affected? 
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Attention-Deficit/Hyperactivity Disorder (ADHD) is one of the most common psychiatric 
conditions of childhood, characterized by symptoms of inattention, hyperactivity, and 
impulsivity. It is estimated to affect around 5% of children and its core symptoms are believed 
to persist into adulthood for some of the patients (Tannock, 1998). Despite the relatively 
common occurrence of the disorder, the underlying mechanisms remain poorly understood. 
Response inhibition, among others, has been proposed as forming one of the primary deficits 
(Barkley, 1997; Barkley et al., 1992; Mostofsky et al., 2001; Oosterlaan et al., 1998; Quay, 
1997). It is hypothesized that the behavior of patients with ADHD, compared to non-patients, 
is more dominated by “stimulus-driven” or involuntary processes instead of “goal-driven” or 
voluntary processes (Barkley, 1997). Multiple different experimental paradigms and tasks have 
been used to test this hypothesis, all having in common that certain (inappropriate/irrelevant) 
behavioral responses need to be suppressed. Overall, children, adolescences and adults with 
ADHD perform worse than normal controls on inhibition tasks (Hervey et al., 2004; Lijffijt et 
al., 2005; Nigg, 1999; Oosterlaan et al., 1998), supporting the hypothesis that deficits in 
response inhibition form an important area of dysfunction in patients with ADHD. However, 
even though all these paradigms and tasks are designed to measure inhibition processes, they 
can differ widely with respect to how response inhibition is actually conceptualized and 
measured (Nigg, 1999). This, in turn, can lead to ambiguous results, such as several inhibition 
tasks that correlate only modest with each other (Scheres et al., 2004) or ADHD patients that 
perform abnormally on certain inhibition tasks but normally on other inhibition tasks (Epstein 
et al., 2001).  
To further investigate response inhibition in children with ADHD, the present study focuses 
upon a specific method to assess inhibition, namely through the measurement of eye 
movements. Eye movements, or saccades, allow for an ideal measure of response inhibition, 
because a failure of inhibition is directly reflected in an erroneous eye movement response. A 
frequently used eye movement task in studying response inhibition in ADHD patients is the 
antisaccade task. In the antisaccade task, observers are presented with an abrupt visual onset 
in the periphery. Subsequently, they have to make an eye movement away from the onset 
location to its mirror opposite position (an ‘antisaccade’, Everling & Fischer, 1998; Hallet, 
1978; Munoz & Everling, 2004). These antisaccades typically have longer latencies than 
saccades towards the visual onset. Further, observers frequently make an erroneous saccade 
towards the onset location, an error referred to as a ‘prosaccade’. Successful performance on 
the antisaccade task requires two processes: response inhibition of an automatically evoked 
response to the onset location and the subsequent execution of a goal-driven eye movement 
to the mirror location of the onset. Research with children with ADHD has revealed that these 
children have higher reaction times on the antisaccade task, but also an elevated proportion of 
erroneous prosaccades (Klein et al., 2003; Mostofsky et al., 2001; Munoz et al., 2003). 
Because an erroneous prosaccade can be seen as a failure to inhibit the strong behavioral 
response to the onset, the higher error rate indicate that children with ADHD are less able to 
suppress inappropriate responses. These findings lend support for the presence of inhibition 
deficits in children with ADHD. 
In contrast to these studies, results of visual search experiments with children with ADHD 
seem to be inconsistent with a response inhibition account. Visual search experiments typically 
involve detecting a target item (a unique shape, color or an onset element) amongst distractor 
items. These tasks can be used to investigate the efficiency of attentional selection required to 
select the target and to ignore the distractors by measuring the slope of the search function 
for a target as the number of distractors is varied. An increase in search slope is related to the 
inability to inhibit searched items. If the number of distractors is increased, children with 
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ADHD are expected to show disproportionally longer search times compared to controls. 
Although children with ADHD were overall slower than controls (increase in intercept), there 
was no difference in the underlying search mechanisms, because the slope of the search 
function did not show any difference between the groups (Hazell et al., 1999; Karatekin & 
Asarnow, 1998a; Mason et al., 2003, 2004; Sergeant & Scholten, 1985). 
An explicit test of the response inhibition account is a version of a visual search paradigm in 
which on some trials a distracting object carrying a highly salient but irrelevant feature is 
presented (‘singleton capture’). Visual search performance measured by manual reaction times 
is highly disrupted by the presence of this distractor and reaction times to the target are longer 
in the presence of this distractor (Remington et al., 1992; Theeuwes, 1992; Theeuwes, 1994; 
Yantis & Egeth, 1999). A recent study with children with ADHD showed that the ability to 
ignore this irrelevant salient distractor is equal in ADHD and controls (Mason et al., 2004). 
These results are difficult to interpret in terms of differences in inhibitory control, because one 
would expect that the ADHD group would have larger interference from irrelevant distractors 
than the control group if response inhibition is indeed affected in ADHD (Mason et al., 2003, 
2004). 
In the present study, we used a version of the singleton capture paradigm in which the 
primary response was an eye movement, the so called ‘oculomotor capture’ task (Godijn & 
Theeuwes, 2002b; Theeuwes et al., 1998). Participants viewed displays containing a number 
of red circles positioned on an imaginary circle around a central fixation point. After a fixed 
period, the target circle changed color to gray. Upon the presentation of the target, on some 
trials an additional irrelevant red circle was presented with abrupt onset in the display. It is 
known from previous studies that, on a large proportion of trials in which the additional onset 
circle was presented, participants do not make an eye movement to the target element, but 
erroneously execute a saccade to the onset distractor element: the eyes are ‘captured’ by the 
onset distractor (Godijn & Theeuwes, 2002b; Theeuwes et al., 1998). Therefore, this paradigm 
allows for investigation whether ADHD patients are impaired in suppressing reflexive 
responses to a task irrelevant distractor. If true, we should see an elevated proportion of 
‘capture’ trials in children with ADHD make an erroneous eye movement to the onset 
distractor. To our knowledge, the present study is the first to investigate whether a reflexive 
task-irrelevant eye movement can be suppressed equally by ADHD and control children. 
In addition to administering this task to boys with ADHD, we also tested their non-affected 
brothers in this study. Including not only children with ADHD, but also their non-affected 
siblings, can shed light on to whether deficits as measured by the oculomotor capture task are 
related to a genetic risk for the disorder or, alternatively, are caused by the presence of the 
disorder itself (Durston et al., 2004). In the first case, comparable problems should be 
observable in the non-affected brothers, because they share on average 50% of their genes 
with their affected brother, and with that, also a part of the risk genes (Gottesman & Gould, 
2003; Waldman, 2005). In the second case, only the children with ADHD, and not the non-
affected siblings, will perform abnormally. Previous research has shown that non-affected 
siblings of children with ADHD have comparable problems with inhibition as their affected 
siblings (Rommelse et al., submitted; Slaats-Willemse et al., 2003), which may also be 
observed on the oculomotor capture task. 
The hypothesis was tested that (1) children with ADHD and possibly their non-affected 
siblings would be slower and less precise on the oculomotor capture task than normal 
controls (main effect of group). Furthermore, it was examined (2) whether children with 
ADHD and possibly their non-affected siblings would be disproportionally slow and imprecise 
compared to controls when a distractor was presented compared to when no distractor was 
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presented (interaction group by distractor). Finally, it was tested (3) whether the task variables 
would relate to continuous dimensions of inattention and hyperactivity/impulsivity symptoms. 
 
Method 
 
Subjects: Families with at least one child with the combined subtype of ADHD and at least 
one additional sibling (regardless of possible ADHD-status) were recruited in order to 
participate in the Amsterdam part of the International Multicenter ADHD Genes study 
(IMAGE). The IMAGE project is an international collaborative study that aims to identify genes 
that increase the risk for ADHD using QTL linkage and association strategies (Brookes et al., 
2006). Additional control families were recruited from primary and high schools from the 
same geographical regions as the participating ADHD-families. Controls and their first degree 
relatives had no formal or suspected ADHD diagnosis. 
For the current study, brothers between 7 and 14 years old discordant for ADHD were 
selected from the Amsterdam IMAGE-sample and asked to take part in the eye-movement 
study. Also, control boys between 7 and 14 years old that had previously participated in the 
IMAGE-study, were asked to take part. A total of 22 boys with the combined subtype of 
ADHD, 22 of their non-affected brothers and 20 control boys participated. All boys were of 
European Caucasian descent and were excluded if they had an IQ < 70, a diagnosis of 
autism, epilepsy, general learning difficulties, brain disorders or known genetic disorders, 
such as Down syndrome or Fragile-X-syndrome. 
Both the child already clinically diagnosed with ADHD as well as his non-affected sibling, 
were similarly screened using the standard procedures of the IMAGE project described 
elsewhere (Brookes et al., 2006; Rommelse et al., in press). Briefly, screening questionnaires 
(parent and teacher Conners’ long version rating scales (Conners, 1996) and parent and 
teacher Strengths and Difficulties Questionnaires (Goodman, 1997)) were used to identify 
children with ADHD symptoms. T-scores ≥ 63 on the Conners’ ADHD-subscales (L, M and N) 
and scores > 90th percentile on the SDQ-hyperactivity scale were considered as clinical. For the 
child with ADHD, a semi-structured, standardized, investigator-based interview was 
administered: The Parental Account of Children’s Symptoms (‘PACS’, Taylor et al., 1991; 
Taylor et al., 1986). The PACS covers DSM-IV symptoms of ADHD, conduct disorder, 
oppositional defiant disorder, anxiety, mood, and other internalizing disorders. The section on 
autistic behavior traits was administered, if a clinical score (raw score ≥ 15) was obtained on 
the Social Communication Questionnaire (Berument et al., 1999). For details of the 
standardized algorithm that was applied to derive each of the 18 DSM-IV ADHD symptoms, 
readers are referred to Rommelse et al. (in press). The Conners’ long version for both parents 
and teachers was completed for control children. Control children had to obtain non-clinical 
scores on both the parent and teacher version (Conners’-N-scale: T-score ≤ 62). Table 10.1 
provides the characteristics of the three groups.  
Apparatus: A Pentium IV computer with a processor speed of 2.3 GHz controlled the 
timing of the events and recorded response times. Displays were presented on an Iiyama 21’’ 
SVGA monitor with a resolution of 1024 x 768 pixels and an 85-Hz refresh rate. A second 
computer controlled the registration of eye movements’ data on-line. Eye movements were 
registered by means of a video-based eye tracker (SR Research Ltd, Canada). The Eyelink2 
system has a 500 Hz temporal resolution and a spatial resolution of 0.01°. The system used 
an infrared video-based tracking technology to compute the pupil center and pupil size of 
both eyes. An infrared head mounting tracking system tracked head motion. Both eyes were 
monitored, but only data from the left eye was analyzed. An eye movement was considered a 
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saccade either when the movement velocity exceeded 35°/s or when the movement 
acceleration exceeded 9500°/s2. Although the system compensates for head movements, the 
participant’s head was stabilized using a chin rest. The distance between monitor and chin 
rest was 65 cm. Participants performed the experiment in a sound-attenuated and dimly lit 
room. 
 
             _ 
 
   Boys With Non-Affected Control  F 2,61 p Contrasts 
   ADHD  Brothers Boys    (p ≤ .05) 
   n = 22  n = 22  n = 20     
             _ 
M SD M SD M SD 
Age in Years   10.9 1.9 10.1 2.7 8.9 2.0 3.5 .04 1>3 
IQ    95.5 11.3 104.9 14.9 108.0 9.6 6.0 <.001 1<2&3 
N Right Handed   21  21  16  3.91 .15   
Conners’ Parent 
DSM-IV: Inattentive   66.2 7.3 45.7 4.9 44.2 3.6 104.4 <.001 1>2&3 
DSM-IV: Hyperactive-Impulsive 73.0 8.9 48.9 6.8 46.5 4.6 92.2 <.001 1>2&3 
DSM-IV: Total   70.8 7.4 47.0 5.3 44.7 4.2 132.0 <.001 1>2&3 
Conners’ Teacher 
DSM-IV: Inattentive  65.1 5.2 47.4 4.9 43.7 4.2 119.3 <.001 1>2&3 
DSM-IV: Hyperactive-Impulsive 67.5 8.7 47.5 5.6 43.7 2.1 88.9 <.001 1>2>3 
DSM-IV: Total   67.6 6.1 47.3 5.1 43.3 3.2 140.6 <.001 1>2>3 
             _ 
Note. 1 = Boys With ADHD; 2 = Non-Affected Brothers; 3 = Control Boys. DSM-IV = Diagnostic and 
Statistical Manual for Mental Disorders (4th edition); ADHD = Attention-Deficit/Hyperactivity Disorder; M = 
Mean; SD = Standard Deviation; 1χ².  
 
Table 10.1: Sample Characteristics 
 
Stimuli: Figure 10.1 illustrates the display sequence. Subjects viewed displays containing six 
equally spaced red circles (1.3° in diameter), presented on an imaginary circle with a radius of 
9.6°. A star (0.4°) was presented in the center of the display and used for fixation. After 600 
ms, one of the circles changed to grey, signaling the location to which a saccade had to be 
made (the target). The target was presented either at a clock position of 1, 5, 7, or 11. The 
other circles did not change color. On half the trials, simultaneously with the target color 
change, an additional red distractor appeared with an abrupt onset on the imaginary circle at 
a clock position of 2, 4, 8, or 10. The angular separation between target and onset distractor 
was always 150°. All objects were removed after 1200 ms. The colors of the circles -red and 
gray- were made equiluminant and the circles appeared on a black background. 
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Figure 10.1: Example of the display sequence. Subjects viewed displays containing six equally spaced 
red circles on an imaginary circle around a central fixation point. After 600 ms, one of the circles 
changed to grey, signaling the location to which a saccade had to be made (the target ‘T’). On half 
the trials, simultaneously with the target color change, an additional red onset distractor (‘OD’) 
appeared with an abrupt onset on the imaginary circle. Participants were instructed to make an eye 
movement towards the target as quickly as possible. 
 
Procedure and design: Testing of children with ADHD, their siblings and controls took 
place at the Vrije Universiteit Amsterdam. Two tasks were administered in a random order: an 
oculomotor capture task (the current study) and a memory saccade task (described 
elsewhere). Psychostimulants were discontinued for at least 48 hours before testing took 
place (Pelham et al., 1999). At the end of the session, a gift worth approximately $5 was 
given. The study had medical-ethical approval. Participants first received oral instructions 
accompanied by sketches of the task. They were instructed to fixate the center fixation point 
until the target circle appeared and to then move their eyes to the corresponding location. 
The experiment consisted of a training session of 16 trials and an experimental session of 2 
blocks of 40 trials. Each session started with a nine-point grid calibration procedure. 
Participants were required to saccade towards nine fixation points sequentially appearing at 
random in a 3 x 3 grid. In addition, simultaneously fixating the center fixation point and 
pressing the space bar recalibrated the system by zeroing the offset of the measuring device 
at the start of each trial. Each target location was equally probable. The sequence of trials 
was counterbalanced and randomized for each participant. Trials with and without the 
additional onset were mixed. 
Full-scale IQ was estimated by four subtests of the WISC-III or WAIS-III (depending on the 
child’s age): Vocabulary, Similarities, Block Design and Picture Completion (Wechsler, 2000, 
2002). These subtests are known to correlate between .90-.95 with the Full-scale IQ (Groth-
Marnat, 1997). 
Data Analysis: Data were missing for four boys with ADHD and one control boy. Two of 
the files (one ADHD and one control) could not be used due to technical problems. Three of 
the boys with ADHD had to be excluded, because too few valid trials were present: Due to 
instable fixation, it was not possible to make a reliable recording of their eye movements. 
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Dependent measures for speed were (1) saccade latency and (2) total search time. 
Dependent measures for accuracy were (3) proportion saccades towards the target, (4) 
proportion saccades towards the distractor and (5) proportion intrusive saccades (saccades 
directed nor at the target nor at the distractor). Saccade latency was defined as the interval 
between target onset and the initiation of a saccadic eye movement to the target. The 
saccade starting position had to be within 2° from the center fixation point for the trial to be 
included. If the latency of the saccade was lower than 80 ms, higher than 600 ms, or further 
than two and a half standard deviations away from the subject’s mean latency, the trial was 
removed from the analysis. Total search time was defined as the time necessary for the 
participant to make an eye movement close enough to the target (within 3° of visual angle 
from the center of the target). If the total search time for the target of the distractor was 
more than 1200 ms, the trial was excluded. Concerning accuracy, if the endpoint of the 
saccade had an angular deviation of less than 30° from the center of the target or the 
distractor, the saccade was classified as initiated to the target or the distractor, respectively. 
Proportion of intrusive eye movements, was defined as saccades directed nor at the target 
nor at the distractor and may be seen as reflecting general distractibility during the task. 
Analyses were conducted with and without IQ as a second covariate next to age, which 
revealed similar results. Therefore, analyses are presented without IQ as covariate. Alpha was 
set at 0.05. A natural log transformation was applied to ensure the normality of the variables. 
An ANOVA was used with group (3 groups: boys with ADHD, non-affected brothers and 
control boys) and distractor (present versus absent) as factors. Also the interaction between 
group and distractor was implemented in the model, in order to test whether the 
presentation of the distractor would enhance group differences. Since the proportion of 
saccades directed at the distractor could only be assessed in trials where a distractor was 
presented, this measure was compared between the groups without implementing the effect 
of distractor (present versus absent) and the interaction group by distractor. Age was 
implemented as a covariate, since it had a strong effect on the dependent measures (F (1, 57) 
= 7.38, p = .009; older children were faster and more accurate than young children) and 
because the control group was younger than the ADHD group. The variance within families 
was not significant for all five dependent measures and was, therefore, not implemented as 
random factor in the model (Saccade Latency: Wald Z = 0.83, p = .41; Total Search Time: 
Wald Z = 0.60, p = 0.55; Proportion Saccades towards the Target: Wald Z = 0.86, p = .39; 
Proportion Saccades towards the Distractor: Wald Z = 1.03, p = .30; Proportion Intrusive 
Saccades: Wald Z = 0.76, p = .45). 
Results 
 
Group differences 
 
Speed 
Saccade Latency: A significant effect of group was found for the latency of the saccade, F 
(2, 111) = 3.35, p = .04. Pairwise comparisons indicated that the boys with ADHD were 
significantly slower than normal boys, p = .01. Non-affected brothers formed an intermediate 
group, since they did not differ from their affected siblings, p = .29, nor from controls, p = 
.08. There was also a significant effect of distractor, F (1, 111) = 7.17, p = .009, indicating 
that the saccade was significantly slower when a distractor was presented compared to no 
distractor. No interaction was present between group and distractor, F (2, 111) = .10, p = 
.91, suggesting that the distractor comparably influenced the latency of the saccade in 
children with ADHD, their non-affected siblings and normal controls (see Figure 10.2). 
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Total Search Time: There was a significant effect of group on the total search time, F (2, 
111) = 4.29, p = .02. Pairwise comparisons revealed that children with ADHD were slower 
than normal controls, p = .004. Non-affected brothers formed, again, an intermediate group 
since they did not differ from their brothers with ADHD, p = .06, nor from controls, p = .21. A 
significant effect of distractor was found, F (1, 111) = 15.44, p < .001, but the interaction 
group by distractor was not significant, F (2, 111) = .11, p = .90 (see Figure 10.2). 
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Figure 10.2: Speed (Saccade Latency and Total Search Time) of Saccades in Boys with ADHD, their 
Non-Affected Bothers and Control Boys on the Oculomotor Capture Task. 
 
Accuracy 
Proportion Saccades towards the Target: Groups did not differ with respect to the 
proportion of saccades that was directed at the target, F (2, 111) = .27, p = .76. Children 
with ADHD and their siblings performed as accurately as controls. As expected, a large effect 
of distractor was present, F (1, 111) = 91.13, p = .001, but the group by distractor interaction 
was not significant, F (2, 111) = .20, p = .82. This latter finding indicated that children with 
ADHD (and their siblings) were not disproportionally inaccurate when a distractor was 
presented (see Figure 10.3).  
Proportion Saccades towards the Distractor: Groups did not differ in the proportion of 
saccades towards the distractor, F (2, 55) = .20, p = .82. Children with ADHD and their 
siblings made as many saccades toward the distractor as normal controls did. 
Proportion Intrusive Saccades: A significant effect of group was found, F (2, 111) = 3.44, p 
= .04. Pairwise comparisons indicated that children with ADHD made more intrusive saccades 
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than their non-affected brothers, p = .01, but not more than controls, p = .07. Non-affected 
siblings did also not differ from controls, p = .58. A main effect of distractor was present, F 
(1, 111) = 13.49, p < .001, indicating more intrusive saccades were made when a distractor 
was present. The group by distractor interaction was not significant, F (2, 111) = 1.96, p = 
.16 (See Figure 10.3).  
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Figure 10.3: Accuracy (Proportion Saccades towards the Target, towards the Distractor and Intrusive 
Saccades) in Boys with ADHD, their Non-Affected Bothers and Control Boys on the Oculomotor 
Capture Task. 
 
Relation task measures with continuous dimensions of ADHD symptomatology 
 
The same mixed model was used as described above, but the factor group was removed and 
replaced by one of the four task measures. A continuous measure of inattention (Conners’ L-
scale) and a continuous measure of hyperactivity/impulsivity (Conners’ M-scale), averaged 
across parent and teacher, were separately used as the dependent measure. 
 
Speed 
Saccade Latency: The latency of the saccade was significantly related to a continuous 
dimension of inattentive symptoms, F (1, 114) = 6.37, p = .01, as well as to a continuous 
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dimension of hyperactivity/impulsivity symptoms, F (1, 114) = 3.90, p = .05. Slower saccades 
were associated with higher severity of ADHD symptoms. 
Total Search Time: Total search time was significantly related to inattentive and 
hyperactive/impulsive symptoms, F (1, 114) = 9.51, p = .003 and F (1, 114) = 6.61, p = .01, 
respectively. Longer search time was associated with more severe ADHD symptoms. 
 
Accuracy 
Proportion Saccades towards the Target: The proportion of saccades directed at the target 
was not associated with inattentive, nor with hyperactivity/impulsivity symptoms, F (1, 114) = 
.001, p = .97 and F (1, 114) = .02, p = .88, respectively.  
Proportion Saccades towards the Distractor: The proportion saccades directed at the 
distractor was also not associated with inattentive or hyperactive/impulsive symptoms, F (1, 56) 
= .66, p = .42 and F (1, 56) = 1.90, p = .17. 
Proportion Intrusive Saccades: The proportion of intrusive saccades was not associated with 
symptoms of inattention, F (1, 114) = 2.75, p = .10, but was associated with symptoms of 
hyperactivity/impulsivity, F (1, 114) = 5.79, p = .02. Saccades directed nor at the target nor at 
the distractor do not seem to be related to inattentive problems, but rather seem to be 
specifically related to hyperactivity/impulsivity. Means and standard deviations of the 
untransformed data are presented in Table 10.2. 
 
             
Boys with Non-Affected Control 
      ADHD  Brothers Boys 
      n = 18  n = 22  n = 19 
             
      M SD M SD M SD 
Speed 
Saccade Latency  
No Distractor    328.7 62.5 331.5 74.7 320.8 64.9 
Distractor     363.4 50.5 361.9 88.4 343.1 59.1 
Total Search Time 
No Distractor    399.0 70.3 389.4 76.1 387.6 66.8 
Distractor     449.2 49.3 436.2 90.9 424.8 64.2 
Accuracy 
Proportion Saccades to the Target 
No Distractor    .97 .03 .98 .03 .98 .02 
Distractor     .80 .15 .82 .13 .80 .09 
Proportion Saccades to the Distractor 
No Distractor    - - - - - - 
Distractor     .13 .14 .15 .13 .15 .09 
Proportion Intrusive Saccades 
No Distractor    .03 .03 .02 .03 .02 .02 
Distractor     .07 .05 .03 .03 .05 .04 
             
Note. ADHD = Attention-Deficit/Hyperactivity Disorder; M = Mean; SD = Standard Deviation. 
 
Table 10.2: Means and SD of the Untransformed Task Variables. 
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Discussion 
 
The present study investigated whether children with ADHD and their non-affected siblings 
were generally slower and less accurate than control children in an oculomotor capture task 
and whether they were disproportionally affected when an irrelevant onset was presented. By 
measuring eye movements, the response inhibition account could be directly tested, because a 
failure of response inhibition is directly reflected in an erroneous eye movement response to 
the onset distractor.  
Results showed that boys with ADHD were slower than controls in the latency and total 
search time of the saccade to the target, irrespective of whether the onset distractor was 
present. However, children with ADHD were not less accurate in making a saccade to the 
target. The finding that children with ADHD were slower than controls in search replicates 
many search studies that have observed similar effects (Hooks et al., 1994; Karatekin & 
Asarnow, 1998a; Mason et al., 2003; Munoz et al., 2003; van der Meere & Sergeant, 1988). 
This effect is associated with a generalized deficit in the speed of responses (Schachar et al., 
1995).  
As expected, all groups were overall slower in terms of saccade latency and search time 
when the target was accompanied by an irrelevant onset distractor. Also, the amount of 
capture was elevated when the distractor was present in that more saccades were directed to 
the distractor instead of to the target. This finding is in line with many studies that have used 
this type of oculomotor capture task (Godijn & Theeuwes, 2002b; Kramer et al., 2000; 
Theeuwes et al., 1998; Theeuwes et al., 1999). Importantly, however, the groups did not 
differ with respect to the influence of the distractor. The lack of interaction with group implies 
that children with ADHD were not disproportional impaired in suppressing the distractor 
relative to the controls. This was underlined by the finding that groups did not differ with 
respect to the proportion of saccades towards the distractor. This indicates that the irrelevant 
distractor comparably influenced the latency of the saccade, the direction of the saccade and 
the total search time in children with ADHD and normal controls. This provides evidence for 
the idea that children with ADHD are not affected when the to-be-inhibited distractor is 
irrelevant. The results are also in line with visual search experiments in which the slope of the 
search function was similar for the ADHD and the control group (Mason et al., 2003, 2004; 
Sergeant & Scholten, 1985).  
We also investigated whether the task variables related to continuous dimensions of ADHD 
symptoms as measured by inattentive and hyperactivity/impulsivity symptoms. The latency of 
the saccade and the total search time were found to be related to both of these continuous 
dimensions of symptoms. Slower saccades and slower visual search were associated with 
higher severity of ADHD symptoms. These findings indicate that the overall lower speed of 
responding in children with ADHD observed here and in various other paradigms (i.e, Hooks et 
al., 1994; Karatekin & Asarnow, 1998a; Mason et al., 2003; Munoz et al., 2003; Schachar et 
al., 1995; van der Meere & Sergeant, 1988) does not seem to be an all-or-none process, but 
rather indicate that the severity of the slowing is related to the severity of ADHD. The 
proportion of saccades towards the target and distractor were found to be unrelated to the 
tested dimensions. The proportion of intrusive saccades, however, was associated with 
symptoms of hyperactivity/impulsivity, though not with symptoms of inattention. 
Interestingly, the non-affected brothers performed abnormally on the two variables that 
also dissociated their affected brothers from controls: the saccade latency and total search 
time. Non-affected siblings formed an intermediate group: They did not differ from their 
affected siblings nor from controls for both measures. This suggests that their intermediate 
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slowing in visual search behavior is related to a genetic risk for ADHD. Non-affected brothers 
carry a genetic risk for ADHD, because they share, on average, half of their genes with their 
affected brother (Gottesman & Gould, 2003; Waldman, 2005). Since a slower saccade latency 
and search time are not only present in children having the disorder but also in children 
carrying a genetic risk for the disorder, this might imply that these deficits are related to genes 
that also are related to the disorder. In contrast, the proportion of intrusive saccades did 
dissociate between children having the disorder and those only at risk: The children having 
ADHD made more intrusive saccades than their non-affected brothers, suggesting irrelevant 
saccades to be caused by the presence of the disorder itself. 
The current finding that children with ADHD are equally influenced by an onset distractor 
as controls is inconsistent with a general response inhibition account of ADHD (Barkley, 1997). 
However, as noted before, the to-be-inhibited onset in the current paradigm was irrelevant 
and did not need to be attended in order to correctly perform the task. Therefore, errors are 
purely stimulus-driven, since neither the presence nor the location of the onset predicts 
anything about the target. Interestingly, previous experiments with the oculomotor capture 
paradigm have shown that the great majority of participants are unaware of the occurrence of 
onset (Theeuwes et al., 1998). In contrast, the status of the onset is fundamentally different in 
the antisaccade task in which children with ADHD perform worse than controls (Klein et al., 
2003; Mostofsky et al., 2001; Munoz et al., 2003). Here, the onset is task relevant, since 
participants must direct their attention to the onset and use this object to direct their attention 
and eyes in the opposite direction. Errors in the antisaccade task are partly goal-driven, 
because there is an explicit instruction not to look at the onset, but to saccade to the opposite 
direction. This difference between the two types of tasks might explain the inconsistent 
reports. 
A similar explanation accounted for reported differences in response inhibition between 
different age groups in healthy individuals (Kramer et al., 2005; Kramer et al., 2000). Using 
the oculomotor capture and the antisaccade task, these authors showed that older adults do 
not have more difficulty inhibiting irrelevant onsets but do have more difficulty in suppressing 
relevant onsets compared to younger adults (Kramer et al., 2000). Moreover, for a group of 
younger and older children it was found that they were not differently captured by the onset 
in the oculomotor capture task, whereas antisaccade performance improved with age (Kramer 
et al., 2005). These behavioral differences were explained by distinguishing two qualitatively 
different types of inhibition, with an automatic/implicit form of inhibition playing a central role 
in the oculomotor capture task, whereas an intentional/effortful inhibition mostly subserving 
performance in the antisaccade task (Kramer et al., 2005). On the basis on the current results, 
it can be concluded that children with ADHD are unaffected in terms of the automatic/implicit 
form of inhibition, but have problems with intentional/effortful inhibition. 
In line with Kramer and colleagues (2000), we believe that there might be differential 
involvement of working memory in both types of response inhibition. This memory-based 
account of saccadic inhibition entails that only intentional inhibition taps on working memory 
performance. Evidence for this view comes from studies that observed poorer antisaccade 
performance when a concurrent working memory task was executed (Mitchell et al., 2002; 
Roberts et al., 1994; Stuyven et al., 2000). On the other hand, visual search performance is 
unaffected when a working memory task is simultaneously performed (Kane et al., 2006; 
Woodman et al., 2001) indicating that automatic or implicit inhibition is unrelated to working 
memory. As it is known that children with ADHD have problems with working memory 
(Karatekin & Asarnow, 1998b; Kempton et al., 1999; Martinussen et al., 2005; Oie et al., 
1999), it might be that the deficits in intentional inhibition relate to working memory 
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problems. This might also explain the degraded performance of children with ADHD in tasks in 
which participants have to make a memory guided saccade. Results show that children with 
ADHD have elevated anticipatory errors compared to controls (Mostofsky et al., 2001; Ross et 
al., 1994). According to a memory-based account of saccadic inhibition, it is more difficult for 
children with ADHD to suppress the response to the location in memory because working 
memory plays an important role in this task as participants must maintain an internal 
representation of the target location throughout the trial. 
Functionally, both forms of inhibition seem to be dissociable based on the involvement of 
working memory. Anatomically, both forms of inhibition also seem to be dissociable. 
Anatomical neuroimaging studies have revealed altered architecture of the prefrontal areas of 
ADHD subjects (Castellanos et al., 1996; Yeo et al., 2003) and less activation compared to 
controls in frontal and cingulate regions (Aman & Carmichael, 1997; Rubia et al., 1999; 
Zametkin et al., 1990). Problems in response inhibition in ADHD have generally been related to 
these deficits in frontal lobe structures (Castellanos, 2001; Mattes, 1980; Tannock, 1998), 
because response inhibition seems to depend largely on the frontal areas. Indeed, 
neurophysiological studies have identified various frontal areas that are active in the 
antisaccade task (Everling & Munoz, 2000; Funahashi et al., 1993). Interestingly, although 
frontal lesions produce impairments of goal-driven saccades, stimulus-driven saccades seem to 
be unimpaired (Deng et al., 1986). Where the generation of goal-driven saccades largely 
depends on a frontal pathway, stimulus-driven (reflexive) saccades are thought to be 
dependent on a parietal eye field (PEF)–superior colliculus (SC) pathway (Pierrot-Deseilligny et 
al., 2004). This dichotomy between goal-driven and stimulus-driven saccades could account 
for the findings of children with ADHD being equally influenced by the onset in the 
oculomotor capture task as compared to their normally developed peers. As noted before, 
errors on the oculomotor capture task were purely stimulus-driven. Since reflexive saccades 
can be suppressed by subcortical areas like the substantia nigra (Schall et al., 1995), this 
automatic/implicit type of inhibition seems largely independent on the frontal areas, which 
might explain why the inhibition of irrelevant stimuli is unimpaired in ADHD. 
To summarize, we have found that children with ADHD were slower than control children 
in an oculomotor capture task, but were not less accurate. Overall, children were slower and 
less accurate when a distractor was present, but this effect was comparable across groups, 
implying children with ADHD were not impaired inhibiting an irrelevant distractor compared to 
controls. Slower search was found to be related both to continuous dimensions of inattentive 
and hyperactive/impulsive ADHD symptoms. Non-affected brothers formed an intermediate 
group, showing comparable slowing in visual search as their affected brothers, which may 
suggest that behavior was related to a genetic risk for ADHD. In contract, non-affected 
brothers did not make more intrusive saccades than controls, suggesting intrusive saccades to 
be caused by the presence of the disorder itself. The finding that children with ADHD (and 
their non-affected siblings) do not seem to have problems inhibiting irrelevant distractors, 
contradicts a general response inhibition deficiency in ADHD, which may be explained by the 
relatively independency of working memory in this type of response inhibition. We 
hypothesize that children with ADHD have problems with intentional/effortful inhibition in 
which working memory is involved, whereas their automatic/implicit inhibition, largely 
independent of working memory, seems relatively unaffected. 
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Conclusion 
 
The present thesis is concerned with how our eyes move trough space. Since the pioneering 
work of Yarbus it is known that the trajectories of the eyes can tell a great deal about the 
underlying cognitive processes. The current thesis is not just concerned with eye movement 
trajectories in general but with one specific aspect of these trajectories. It was already Yarbus 
(1967) who noticed that our eyes do not travel in a straight line, but rather in a curved 
trajectory. These saccade curvatures turned out to be not just coincidental. In the last two 
decades, research has revealed the specific conditions that may generate deviations in 
saccade trajectories. In some conditions, the eyes deviate towards a particular visual stimulus; 
in other conditions, the eyes deviate away from it. Moreover, the mere observation that in 
some conditions eye movements deviate towards and sometimes away would not be so 
exciting if the source of the saccade trajectory deviations could not be attributed to 
competition occurring the superior colliculus (SC), a midbrain oculomotor structure involved in 
encoding stimuli as potential saccade targets. Saccade deviations give us a direct view on how 
the SC solves the competition between different possible target locations. Because the SC 
receives inputs from bottom-up visual areas as well as from classic top-down frontal areas, 
examining saccade deviations give us the opportunity to examine the time course of bottom-
up and top-down activation and inhibition in the brain.  
It is generally agreed that the eyes deviate away from a visual stimulus when the location 
of the stimulus is actively inhibited in a top-down fashion. This occurs in conditions in which a 
saccade needs to be executed to a particular target goal while a nearby distractor is present. 
In these situations, eye movements typically deviate away from the distractor location. 
Deviation towards a visual stimulus is attributed to residual (exogenous) activation at the 
location of the distractor. For example, when executing a saccade to a target location, the 
exogenous activation at the location of the distractor may result in the merging of the 
populations of activity encoding the target and distractor location.  
The present thesis shows that when executing a saccade towards a target location, the 
exact location of a nearby distractor plays an important role (Chapter 2 and 3). When a 
distractor is presented close to the target, one typically observes deviations towards the 
distractor, whereas a distractor presented close to fixation evokes deviations away from the 
distractor. Because our results further show that distractors presented at smaller vertical 
distances from fixation evoke larger amounts of inhibition than at larger vertical distances, 
these results indicate that the inhibition is not coarsely coded, but fine-grained and sensitive 
to the vertical distance of the distractor from fixation.  
In another study, we used saccade trajectories to examine in great detail the relationship 
between attention and eye movements (Chapter 4 and 6). Even though previous research 
already established the close relationship between eye movements and attention (Corbetta, 
1998; Rizzolatti et al., 1987; Rizzolatti et al., 1994), we show that the oculomotor system is 
also involved in tasks that basically only require the covert allocation of attention. While 
executing a classic Posner cueing task, covertly discriminating between two letters, we show 
that the eyes deviate away from validly and invalidly cued locations. It appears that the 
oculomotor system is activated wherever spatial attention is allocated. 
Even though previous research clearly demonstrated that the presence of a distractor can 
cause saccade deviations, in several studies we show that the mere expectation that a target 
or a distractor will be presented at a particular location may also influence saccade trajectories 
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(Chapters 5 and 7). This finding is confirmed by an ERP study showing that cueing the 
distractor location in advance evokes active inhibition at the distractor location (Chapter 8).  
In the final part of this thesis, we used saccade trajectories to investigate neurological 
problems. In one study we examined whether distractors presented in the blind field of 
patients with visual hemifield defects still influence the oculomotor system (Chapter 9). These 
patients have a damaged retinogeniculostriate visual pathway but preserved retinotectal 
projections. Because the retinotectal pathway projects from the retina to the SC, deviations in 
saccade trajectories might reflect residual retinotectal processing. Indeed, we show that 
distractor effects can occur in these patients, although not consistently. Finally, we examined 
saccade trajectories in children with Attention-Deficit/Hyperactivity Disorder (ADHD) (Chapter 
10). It is generally thought that deficits in response inhibition form an important area of 
dysfunction in patients with ADHD. Unlike common belief, our results show that children with 
ADHD do not have problems inhibiting task-irrelevant distractors. We speculate that patients 
with ADHD only have trouble inhibiting information when this inhibition requires the active 
involvement of working memory. In our task, no active inhibition was necessary and therefore 
patients with ADHD did not show any problems with inhibiting.  
To conclude, modifications of saccade deviations can inform us about the mechanisms that 
control and influence eye movements. They can therefore be applied to a wide variety of 
topics like response inhibition, attention, top-down expectancy and clinical investigations. 
Because they reflect the integration of visual and task related processes in the oculomotor 
system, they are a useful tool to obtain important information that is not easily obtained via 
other sources. 
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Samenvatting 
 
Oogbewegingstrajecten en wat zij ons vertellen 
 
Theoretisch Kader 
 
Mensen zijn verkenners. Als we wakker zijn, zijn we continu bezig onze omgeving met al 
onze zintuigen te verkennen. Of de taak nu cruciaal is, zoals het zoeken naar voedsel, of 
onbelangrijk, zoals het kijken naar de televisie, we gebruiken onze zintuigen om te begrijpen 
waar we zijn en waar we naartoe gaan. Het dominante zintuig is het gezichtsvermogen. Het 
visuele systeem verwerkt het licht dat wordt opgevangen door de ogen en transformeert dit 
licht in visuele beelden. Omdat onze ogen het scherpst zien in het centrale deel van de fovea, 
bewegen we onze ogen om dit centrale punt te richten op relevante elementen. Accurate 
oogbewegingen (of ‘saccades’) zijn daarom cruciaal voor succesvol verkennen. Omdat ze zo 
belangrijk zijn, zijn oogbewegingen veelvuldig onderzocht. Eén van de fenomenen die 
geobserveerd zijn in het onderzoek naar oogbewegingen is dat het traject van saccades bijna 
nooit recht is, maar enigszins krom. Hoewel je zou verwachten dat een oogbeweging de 
snelste route van startpunt tot eindpunt neemt, beweegt het oog niet in een rechte lijn. 
Hoewel dit op het eerste gezicht misschien triviaal klinkt, heeft recent onderzoek aangetoond 
dat veranderingen van deze trajecten de dynamiek van het oogbewegingssysteem reflecteren. 
Dit betekent dat afwijkingen van deze trajecten iets vertellen over de programmering van 
oogbewegingen en de verschillende factoren die de programmering beïnvloeden. Dit is 
belangrijk, omdat er nog steeds veel vragen over het oogbewegingssysteem onbeantwoord 
zijn. In het onderzoek dat beschreven is in dit proefschrift is geprobeerd enkele van deze 
vragen te beantwoorden door de oogbewegingstrajecten als een gereedschap te gebruiken 
om de dynamiek van het visuele systeem te bestuderen. 
Een overzicht van de literatuur over afwijkingen van oogbewegingstrajecten wordt 
beschreven in Hoofdstuk Eén. Dit hoofdstuk bespreekt de factoren waarvan bekend is dat 
ze oogbewegingstrajecten beïnvloeden. Deze factoren zijn verdeeld in twee verschillende 
types: bottom-up en top-down. ‘Bottom-up’ factoren weerspiegelen de invloed van de 
buitenwereld, elk plaatje dat op ons retina valt. Wanneer bijvoorbeeld iets verschijnt in het 
visuele veld, wordt onze visuele aandacht automatisch getrokken door dit element, met als 
gevolg dat een oogbeweging naar deze locatie wordt geprogrammeerd. Hoewel een groot 
gedeelte van onze oogbewegingen stimulus-gedreven is, maken we niet alleen 
oogbewegingen op basis van bottom-up factoren. Als dit wel zo zou zijn, zou dit betekenen 
dat we geen controle hebben over onze oogbewegingen. De cognitieve controle die we 
hebben over onze oogbewegingen wordt ‘top-down’ genoemd. Deze top-down factoren 
weerspiegelen alle intenties en doelen die iemand kan hebben op een gegeven moment. Als 
je iemand vraagt om een oogbeweging naar een deur te maken, is die persoon waarschijnlijk 
in staat om die actie uit te voeren. Het doel is in dat geval volbracht door de uitvoering van 
een oogbeweging naar de deur. 
Omdat er maar één oogbeweging per keer kan worden uitgevoerd, is er een continue 
competitie tussen deze factoren in het oogbewegingssysteem. Wat gebeurt er bijvoorbeeld 
als je een top-down oogbeweging naar een deur wilt maken terwijl er iets opvallends gebeurt 
in de andere kant van de kamer, zoals een vallend glas? De voortdurende competitie tussen 
factoren wordt beslecht op het moment dat er een nieuwe oogbeweging is uitgevoerd. 
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Oogbewegingstrajecten leveren cruciale informatie op over dit proces, omdat zij de 
competitie tussen beide factoren weergeven. 
Oogbewegingstrajecten kunnen afbuigen van elementen in het visuele veld of er door 
aangetrokken worden. Eén van de vragen die beantwoord wordt in Hoofdstuk Eén is waarom 
oogbewegingstrajecten soms afbuigen van een element en er soms door worden 
aangetrokken. Een overzicht van de condities waarin deze afwijkingen voorkomen suggereert 
dat aantrekking veroorzaakt wordt door de onopgeloste competitie in het 
oogbewegingssysteem tussen elementen in een visuele scène. Soms is de competitie tussen 
twee bottom-up elementen nog niet volledig opgelost op het moment dat de oogbeweging 
geïnitieerd wordt. Bijvoorbeeld, wanneer een afleidend irrelevant element en een doelobject 
dicht bij elkaar staan, zal de oogbeweging naar het doelobject een ‘gemiddelde’ zijn van de 
oogbewegingen naar beide elementen. Dit resulteert in een oogbeweging die wordt 
aangetrokken door het afleidende element. Afbuigende trajecten worden vooral 
geobserveerd in situaties waarin top-down voorbereiding de competitie kan beïnvloeden. Als 
de locatie van een doelobject van te voren bekend is, kunnen top-down processen alvast 
beginnen met het prepareren van een oogbeweging naar de doellocatie. Wanneer een 
doellocatie van tevoren bekend is en een irrelevante afleider wordt gepresenteerd samen met 
het doelobject, zal de locatie van de afleider sterk worden onderdrukt (geïnhibeerd), wat 
terug te zien is in de oogbeweging die afbuigt van het afleidende element. 
 
De Invloed van een Afleider 
 
Omdat een oogbewegingstraject de competitie reflecteert tussen bottom-up en top-down 
processen, is de exacte invloed van een afleider op een saccadetraject afhankelijk van 
verschillende factoren. Eén van deze factoren is de exacte spatiële locatie van een afleider. 
Hoofdstuk Twee bespreekt een studie waarin de locatie van een afleider werd gevarieerd. 
Resultaten lieten zien dat als de afleider dicht bij centrale fixatie werd gepresenteerd, de 
oogbewegingstrajecten afbogen van de afleider, maar wanneer de afleider dicht bij het 
doelobject werd gepresenteerd, werden de oogbewegingstrajecten juist aangetrokken door 
de afleider. Deze studie laat zien dat de exacte spatiële locatie van een afleider een 
modulerende invloed kan hebben op saccadetrajecten. Dit wordt uitgelegd door de invloed 
van inhibirende mechanismen in het oogbewegingssysteem. Wanneer de afleider dicht bij de 
fixatie wordt gepresenteerd, wordt de afleider geïnhibeerd, wat resulteert in een afbuiging 
van de afleider. Echter, wanneer de afleider dicht bij het doelobject wordt gepresenteerd, 
overlapt de activiteit van de doelobject- en de afleiderlocaties. De uiteindelijke oogbeweging 
is een gemiddelde van de oogbewegingen naar de doelobject- en de afleiderlocatie. Dit 
fenomeen vindt alleen plaats wanneer het doelobject en de afleider dicht bij elkaar worden 
geplaatst. Aangezien verschillende afleiderlocaties de oogbeweging op verschillende 
manieren beïnvloeden kan geconcludeerd worden dat de locatie van een afleider niet grof 
wordt gecodeerd in het oogbewegingssysteem. Dit zou vooral moeten gelden voor de 
superior colliculus (SC), een gebied in de middenhersenen waarvan bekend is dat het 
betrokken is bij de selectie van oogbewegingen. De competitie tussen bottom-up en top-
down factoren wordt opgelost in de SC en het is bekend dat trajectafwijkingen de competitie 
in de SC reflecteren. Aantrekking wordt bijvoorbeeld veroorzaakt door verhoogde activiteit in 
de SC op de locatie waardoor het traject wordt aangetrokken. Daarbij komt dat 
microstimulatie van de SC onder de drempelwaarde voor het genereren van een 
oogbeweging resulteert in oogbewegingen die afbuigen van de gestimuleerde locatie. 
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Omdat trajecten die wegbuigen van een afleider de inhibitie van dit afleidende element 
reflecteren, kunnen deze trajecten gebruikt worden om inhiberende mechanismen in het 
oogbewegingssysteem te onderzoeken. Door systematisch de locatie van een afleider te 
manipuleren, onderzochten we of de inhibitie van een afleider gevoelig is voor de exacte 
locatie van de afleider (Hoofdstuk Drie). Hoofdstuk Twee liet zien dat de locatie van een 
afleider het wel of niet optreden van inhibitie beïnvloedt, maar beantwoordde niet de vraag 
of de hoeveelheid inhibitie afhankelijk is van de afleiderlocatie indien inhibitie aanwezig is. In 
Hoofdstuk Drie werden afleiders ver genoeg van de locatie van het doelobject gepresenteerd 
om oogbewegingen naar de overlappende activaties van het doelobject en de afleider uit te 
sluiten. Resultaten lieten zien dat de locatie een modulerend effect heeft op de afbuigingen 
van de afleider, wat suggereert dat de hoeveelheid inhibitie afhangt van de locatie van de 
afleider. Vooral de verticale afstand van de afleider tot fixatie bleek een bepalende factor te 
zijn, omdat afleiders met een kleinere verticale afstand tot het fixatiepunt grotere 
hoeveelheden inhibitie veroorzaakten. Concluderend kan gesteld worden dat deze afleiders 
meer competitie oproepen, waardoor de inhiberende componenten meer invloed uitoefenen 
op de competitie. Dit resulteert in een grotere afwijking voor locaties dicht bij het fixatiepunt 
dan voor locaties met een grotere verticale afstand tot fixatie. 
 
Oogbewegingen en Aandacht 
 
Wanneer we een bepaald gebied van het visuele veld willen inspecteren, kunnen we onze 
aandacht naar deze locatie verplaatsen. Dit gebeurt meestal door het bewegen van onze 
ogen naar de geattendeerde locatie. Er is veel bewijs voor het idee dat oogbewegingen en 
aandacht sterk gerelateerd zijn en bestuurd worden door dezelfde hersenmechanismen. De 
‘premotor-theorie van aandacht’ stelt dat het verschuiven van visuele aandacht naar een 
locatie niets meer of minder is dan het prepareren van een oogbeweging naar die locatie. 
Oogbewegingstrajecten kunnen als gereedschap gebruikt worden om dit idee te testen. 
Hoofdstuk Vier bespreekt een experiment waarin twee locaties door pijlen in het centrum 
werden aangewezen als mogelijke saccade-doelobjecten (cues). Er moest een oogbeweging 
gemaakt worden naar slechts één van die twee locaties. Het daadwerkelijke saccadedoel 
werd bekend gemaakt door het verdwijnen van één van deze twee pijlen na een bepaalde 
tijdsperiode. Tijdens die periode werden kort letters gepresenteerd op de saccadedoelen en 
op de niet-saccadedoelen. Deze letters moesten geïdentificeerd worden aan het einde van de 
trial. Resultaten lieten zien dat letteridentificatie beter was voor letters die gepresenteerd 
werden op één van de saccadedoelen dan voor letters gepresenteerd op de niet-
saccadelocaties. De betere letteridentificatie op de saccadedoelen werd gerelateerd aan het 
programmeren van oogbewegingen naar beide saccadedoelen. Tijdens de tijdsperiode waarin 
de beide pijlen werden gepresenteerd, bereidden proefpersonen oogbewegingen voor naar 
de mogelijke saccadedoelen. Door deze programmering verschoof visuele aandacht naar 
beide locaties, waardoor letteridentificatie beter werd. Bewijs voor deze hypothese werd 
geleverd door de trajecten van de oogbewegingen naar de aangewezen saccadelocatie. De 
trajecten bogen af van de doellocatie waar geen oogbeweging naar gemaakt werd, wat 
inhibitie van de locatie waar het oog niet naartoe moest suggereert. Dit betekent dat 
oogbewegingen inderdaad geprogrammeerd werden tijdens de tijdsperiode voordat de 
correcte doellocatie bekend werd gemaakt. Omdat letteridentificatie beter was op beide 
eventuele saccadedoelen, lieten deze resultaten zien dat de premotor-theorie van aandacht 
ook opgaat voor condities waarin aandacht is verschoven naar meerdere locaties. 
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Zoals aangegeven in Hoofdstuk Eén is een afbuiging van een saccadetraject gerelateerd 
aan de top-down inhibitie van een irrelevant oogbewegingsprogramma. Omdat centrale 
pijlen de mogelijke doellocaties van tevoren aangaven, was top-down voorbereiding 
betrokken bij het selectieproces. Die betrokkenheid resulteerde in de effectieve inhibitie van 
het irrelevante saccadedoel, zoals terug te zien in trajecten die afbogen van het irrelevante 
doel. Deze hypothese wordt verder getest in Hoofdstuk Vijf, dat gemotiveerd was door 
aanwijzingen uit de handbewegingliteratuur. Daaruit blijkt dat in condities waarin top-down 
voorbereiding betrokken is, handbewegingen in de richting van een gecuede locatie worden 
geïnitieerd in plaats van ervandaan. Dit is een interessante bevinding, omdat er bewijs is dat 
hand- en oogbewegingen bestuurd worden door dezelfde mechanismen. Een replicatie van 
deze bevinding met oogbewegingen zou daarom inconsistent zijn met de top-down 
hypothese van trajectafwijkingen in oogbewegingen. In het besproken experiment moesten 
proefpersonen een oogbeweging maken naar een perifeer doelobject. Voor het verschijnen 
van het doelobject duidde een centrale pijl de waarschijnlijke locatie van het doelobject aan. 
Resultaten lieten zien dat wanneer het doelobject werd gepresenteerd op een andere locatie 
dan aangegeven door de cue, oogbewegingen naar het doelobject afbogen van de gecuede 
locatie. Deze resultaten zijn daarom consistent met een bepalende rol voor top-down 
voorbereiding in de aanwezigheid van inhibitie. Omdat ze inconsistent zijn met bewijs uit de 
handbewegingliteratuur, kan geconcludeerd worden dat de inhiberende effecten op 
oogbewegingen en handbewegingen mogelijk niet geobserveerd worden in overeenkomstige 
situaties. 
Terwijl de vorige twee hoofdstukken lieten zien dat oogbewegingen en spatiële aandacht 
sterk gerelateerd zijn, kun je je afvragen hoe sterk deze relatie nu precies is. Bijvoorbeeld, is 
het oogbewegingssysteem geactiveerd waar dan ook aandacht gericht is? In Hoofdstuk Zes 
worden vier experimenten besproken waarin proefpersonen werden gecued door een 
centrale pijl om de aandacht te vestigen op een perifere locatie zonder oogbewegingen te 
maken (een ‘Posner cueing’ paradigma). Door deze verschuiving van aandacht reageerden 
proefpersonen sneller op letters gepresenteerd op de gecuede locaties dan op de niet-
gecuede locaties. In sommige trials moesten proefpersonen, in plaats van een manuele 
respons geven op de letters, hun ogen bewegen naar een locatie in de ruimte. In lijn met de 
premotor-theorie en de resultaten van de vorige twee hoofdstukken lieten de resultaten zien 
dat oogbewegingen afbogen van de gecuede locatie. Het verschuiven van aandacht naar de 
gecuede locatie resulteerde dus in activatie van het oogbewegingssysteem. Echter, wanneer 
de cue niet valide was en aandacht verplaatst moest worden naar de niet-gecuede locatie in 
plaats van naar de gecuede locatie, bogen de ogen af, maar nu van de niet-gecuede locatie. 
Deze resultaten impliceren dat het oogbewegingssysteem niet alleen betrokken is bij het 
verplaatsen van aandacht naar de gecuede locatie, maar ook naar de niet-gecuede locatie, 
wat een sterke relatie suggereert tussen aandacht en oogbewegingen. Waar aandacht ook op 
gericht is, lijkt het oogbewegingssysteem geactiveerd te zijn zoals aangetoond door 
oogbewegingstrajecten. De sterkte van de trajectafwijking blijkt een maat te zijn van de 
hoeveelheid aandacht die gericht is op een bepaalde locatie, omdat de conditie waarin 
proefpersonen het snelst reageerden op de lettertaak ook de grootste trajectafwijking liet 
zien. 
 
Het Cueën van de Afleider 
 
In de oogbewegingsliteratuur speelt oculomotor-inhibitie een belangrijke rol. Veel modellen 
van de productie van oogbewegingen gaan ervan uit dat saccades worden geannuleerd door 
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het irrelevante oogbewegingsprogramma te inhiberen. Zoals aangetoond in de vorige 
hoofdstukken kun je deze inhibitie terugzien in saccadetrajecten. Er is echter niet veel bekend 
over de onderliggende mechanismen van oculomotor-inhibitie. Wat gebeurt er bijvoorbeeld 
als van tevoren bekend is waar een afleidend element gaat verschijnen? Hoewel er bijzonder 
veel literatuur over het cueën van een doelobject is, is er weinig bekend over het cueën van 
een afleider. In Hoofdstuk Zeven worden twee experimenten beschreven waarin de locatie 
van de afleider van tevoren bekend was. Omdat saccadetrajecten afbuigen van irrelevante 
afleiders, kan de vraag gesteld worden wat er gebeurt als proefpersonen een afleider op een 
bepaalde locatie verwachten, maar deze niet verschijnt. Resultaten lieten zien dat louter de 
verwachting dat een afleider op een bepaalde locatie zal verschijnen genoeg is om saccade-
afbuigingen van deze locatie vandaan te genereren. Wanneer de afleider verwacht werd, 
maar niet gepresenteerd, bogen saccadetrajecten weg van de locatie waar de afleider 
verwacht werd. Dit betekent dat in reactie op de afleidercue de mogelijke locatie van de 
afleider top-down geïnhibeerd wordt om de invloed van de afleider te verminderen. Wanneer 
de afleider niet alleen verwacht werd, maar ook gepresenteerd, waren de saccade-
afwijkingen nog sterker. Omdat de mate waarin trajecten afbuigen van een locatie wordt 
gezien als een index van de sterkte van inhibitie, suggereert dit dat de inhibitie sterker is 
wanneer de afleider ook daadwerkelijk verschijnt. 
Om verder te onderzoeken wat er precies gebeurt wanneer proefpersonen zich 
voorbereiden op het verschijnen van een afleider, werd een studie uitgevoerd waarin event-
related potentials werden gemeten. Met deze techniek wordt de elektronische activiteit van 
het menselijke brein gemeten door elektrodes te plaatsen op de oppervlakte van de 
hoofdhuid. Een deel van deze activiteit is tijdsgebonden aan psychologische gebeurtenissen 
en kan belangrijke informatie onthullen over de timing en verschijning van deze 
gebeurtenissen. Het doel van deze studie was om de neurofysiologische mechanismen te 
onderzoeken die betrokken zijn bij oculomotor-competitie (Hoofdstuk Acht). Proefpersonen 
voerden een taak uit waarin zowel de doelobject- als de afleiderlocaties op elke trial werden 
gecued. Ze werden geïnstrueerd om een oogbeweging te maken naar de gecuede locatie van 
het doelobject en om elementen op de afleiderlocatie te negeren. Op deze manier kon de 
neurofysiologische reactie op de verschillende cues worden onderzocht voordat het 
doelobject werd gepresenteerd. Met betrekking tot de cue die de locatie van het object 
aangaf, werd er een ‘early directing attention negativity (EDAN)’ en een ‘anterior directing 
attention negativity (ADAN)’ geobserveerd. Aangezien deze effecten ook werden 
geobserveerd in studies die aandachtsverschuivingen onderzochten, suggereert dit opnieuw 
een sterke relatie tussen aandacht en oogbewegingen. Deze componenten werden gevolgd 
door een ‘late widespread contralateral negativity (LDAN)’ waarvan werd aangenomen dat 
het zowel de programmering van de komende oogbeweging als het richten van visuele 
aandacht weerspiegelt. In reactie op de afleidercue werd een nieuwe component 
geobserveerd die gerelateerd was aan de top-down inhibitie van de afleiderlocatie, namelijk 
een vroege positiviteit boven de rechter hemisfeer (RLIP). Deze component zou de 
inhiberende mechanismen kunnen reflecteren die verantwoordelijk zijn voor de 
trajectafwijking zoals geobserveerd in Hoofdstuk Zeven, en daardoor een representatie zijn 
van het neurofysiologische mechanisme van het voorbereiden op het verschijnen van een 
afleider.  
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Patiëntenstudies 
 
Omdat saccadetrajecten gebruikt kunnen worden om de dynamiek van het 
oogbewegingssysteem te onderzoeken, kunnen ze ook gebruikt worden als een gereedschap 
om neurologische problemen in dit domein te bestuderen. Toch hebben erg weinig studies 
ook daadwerkelijk deze maat gebruikt om neurologische problemen te begrijpen. Dit is 
enigszins ongelukkig, omdat deze trajecten belangrijke informatie kunnen onthullen met 
betrekking tot psychologische processen zoals de invloed van een afleider, 
aandachtsverschuivingen en oogbewegingsprocessen die niet gemakkelijk met andere maten 
te verkrijgen zijn. Eén van de neurologische problemen waarop saccadetrajecten kunnen 
worden toegepast is halfveldblindheid. Patiënten met halfveldblindheid hebben door 
hersenschade gedeeltelijke blindheid in het visuele veld. Deze laesies onderbreken verwerking 
door de dominante visuele banen, wat resulteert in de onmogelijkheid om visuele informatie 
te zien in het contralaterale visuele veld. Echter, er is bewijs dat sommige visuele informatie in 
deze blinde gebieden toch verwerkt kan worden (‘blindzien’). Hoewel het exacte mechanisme 
nog steeds onbekend is, is één van de mogelijke neurofysiologische verklaringen voor het 
blindzien het (nog intacte) retinotectale pad van de retina naar de superior colliculus. Omdat 
het bekend is dat trajectafwijkingen veroorzaakt worden door competitie in de superior 
colliculus, zou resterende retinotectale verwerking nog steeds gedetecteerd kunnen worden 
als trajectafwijkingen door irrelevante afleiders in het blinde veld. Hoofdstuk Negen 
beschrijft twee experimenten waarin deze hypothese wordt getest. In het eerste experiment 
werden afleiders gepresenteerd in blinde en intacte delen van het visuele veld van vijf 
patiënten met laesies aan de optische radiaties of primaire visuele cortex. Proefpersonen 
werden geïnstrueerd om een oogbeweging te maken naar een doelobject in het intacte veld. 
Er werd onderzocht of afleiders in het blinde gedeelte van het visuele veld afwijkingen 
veroorzaakten in de saccadetrajecten. De resultaten waren niet eenduidig: twee van de vijf 
patiënten lieten significante afwijkingen zien van saccadetrajecten die afbogen van de ‘blinde’ 
afleider. In een tweede experiment werden twee van de vijf patiënten getest in een 
experiment waarin het doelobject en de afleider dichter bij elkaar waren geplaatst. Beide 
patiënten lieten een ‘global effect’ zien, aangezien saccadetrajecten werden aangetrokken 
door afleider. Het effect was sterker aanwezig bij de patiënt die ook significante 
trajectafwijkingen liet zien in het eerste experiment. Deze studie bevestigt dat effecten van 
afleiders op saccadetrajecten ook op kunnen treden bij patiënten met schade aan het 
dominante visuele pad maar intacte retinotectale projecties. Waarom deze effecten zich 
manifesteren bij een bepaalde patiënt blijft onduidelijk en vereist nader onderzoek. 
Een andere interessante neurologische aandoening die onderzocht kan worden met 
saccadetrajecten is ‘Attention-Deficit/Hyperactivity Disorder (ADHD)’. ADHD is één van de 
meest voorkomende psychiatrische aandoeningen in de kinderjaren en wordt 
gekarakteriseerd door symptomen van aandachtsproblemen, hyperactiviteit en impulsiviteit. 
Men gaat ervan uit dat problemen met responsinhibitie een belangrijke oorzaak van 
problemen bij patiënten met ADHD zijn, maar recent onderzoek met visuele zoekparadigma’s 
suggereert dat deze inhibitieproblemen niet opgaan voor de inhibitie van irrelevante afleiders. 
Saccadetrajecten kunnen belangrijke informatie opleveren met betrekking tot 
responsinhibitie. Hoofdstuk Tien bespreekt een studie waarin responsinhibitie in ADHD 
verder werd onderzocht in het oogbewegingssysteem. Dit werd gedaan door gebruik te 
maken van een ‘oculomotor capture taak’ waarin een oogbeweging gemaakt moest worden 
naar een perifeer doelobject. In sommige trials werd een irrelevante afleider abrupt ergens in 
het visuele veld gepresenteerd. Het is bekend dat in deze trials proefpersonen regelmatig een 
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reflexmatige oogbeweging maken naar die afleider, wat duidt op een gebrek een 
responsinhibitie. Daarom kon met gebruik van deze taak onderzocht worden of jongens met 
ADHD en broers zonder de aandoening moeite hebben met het onderdrukken van 
reflexmatige oogbewegingen. De resultaten lieten zien dat hoewel jongens met ADHD 
langzamere reacties hadden dan kinderen uit de controlegroep, ze net zo accuraat waren in 
hun oogbewegingen als de controlegroep. Opvallend is dat de broers zonder de aandoening 
dezelfde problemen lieten zien in de snelheid van reageren als hun broers met de 
aandoening. Dit suggereert dat ADHD gerelateerd is aan een genetische aanleg voor deze 
aandoening. Erg belangrijk is dat alle drie de groepen in een gelijke mate werden afgeleid 
door de irrelevante afleider, aangezien zij eenzelfde hoeveelheid reflexmatige oogbewegingen 
naar de afleider maakten. De bevinding dat kinderen met ADHD geen problemen hebben met 
het inhiberen van irrelevante afleiders spreekt daarom een algemeen inhibitieprobleem in 
ADHD tegen. Het zou kunnen dat deze verklaring alleen geldt voor responsinhibitie van 
elementen die relevant zijn voor de taak, aangezien de afleiders in de oculomotor capture 
taak irrelevant zijn voor de taak. Eén van de verschillen tussen deze twee soorten inhibitie is 
het verschil in betrokkenheid van het werkgeheugen. Responsinhibitie van relevante 
elementen is afhankelijk van het werkgeheugen, terwijl inhibitie van irrelevante elementen 
het werkgeheugen niet lijkt te beïnvloeden. Aangezien het bekend is dat het werkgeheugen 
bij kinderen met ADHD verzwakt is, zou dit verklaren waarom problemen met responsinhibitie 
niet geobserveerd worden wanneer elementen die irrelevant zijn voor de taak onderdrukt 
moeten worden. 
 
Conclusie 
 
Dus, wat kunnen oogbewegingstrajecten ons vertellen? Veel! Zoals geconcludeerd kan 
worden uit de besproken studies, kan het traject van een oogbeweging belangrijke informatie 
onthullen over een scala aan factoren. Het kan gezien worden als een gereedschap om niet 
alleen het oogbewegingssysteem zelf, maar ook de psychologische processen gerelateerd aan 
dit systeem zoals het werkgeheugen, aandacht en inhibitie te onderzoeken. Daarnaast 
hebben oogbewegingen hun waarde al bewezen in klinische studies, waarin ze gebruikt 
worden om neurologische problemen te begrijpen. Er blijven echter veel vragen over deze 
trajecten, die hopelijk in de nabije toekomst beantwoord kunnen worden. 
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